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ABSTRACT 


Major technical ’HHues involving the integration of d i at ributoil 
photovol t aica (PV) into electric utility syateins are defined and their impacts 
are described quant i tat i *e ly • An extensive literature search, interviews, am! 
analysis yielded information about the work in progress and highlighted 
problem area,' in which additional work and research are needed. Tlie findings 
from the literature search wt»re used to determine wliether satisfactory 
solutions to the problems exist or whether satisfactory approaches to a 
solution are underway. During this study, it was discovered that very tew 
standards, spec i f i cat ions , or guidelines currently exist that will aid 
industry in integrating PV into the utility system. Specific areas of concern 
identified in this study are: (1) protection, (2) stability, (1^ system 

unbalance, (4) voltage regulation and reactive power requirements, 

(S) haimonics, (b) utility operations, (7) safety, (8) metering, and 
distribution system planning and design. 


FOREWORD 


For a smooth integration of dispersed storage and generation (DSG) 
devices 9 technical issues of concern must be resolved in a manner satisfactory 
to all parties. To achieve this goal| coordinated efforts and funding must 
come from the utilities 9 manufacturers, and government* 

The Electric Energy Systems Division of the Department of Energy 
(DOE/EES) has been charged with the responsibility of ensuring this smooth 
integration of DSGs into the utility system* Because of the diversity and 
characteristics of DSGs, DOE/EES has developed a broad-based generic R&D 
program for the near-term acrommodation and long-term integration of new 
energy sources into the nation's electric utility systems. This generic 
program focuses on the effects of integrating new technologies on the power 
system and changes that must be made in power system planning and operations 
to ensure successful, long-term integration* Because photovoltaics, batteries, 
and fuel cells will be connected to the utility similarly, DOE/EES and DOE/PV 
are funding generic studies in power conditioning development and its effect 
on the consumer and utility equipment* Also, EES is developing generic methods 
and tools that incorporate DSGs into utility planning ‘recesses and study their 
effect on system operations* 

The individual technologies must also be concerned with the effects of 
utility characteristics and behavior on the devices and be able to apply the 
generic tools and results obtained from various sources to their particular 
technology* For example, control theory development and simulation capability, 
supported by EES, are used in the PV program to assess the effect of power 
system behavior on PV system performance and control system stability* Also, 
DOE/PV uses work conducted and contracted by the field centers and EPRI to 
gain a better understanding of the issues* With these concerns, this study 
examines the new technology integration requirements and establishes the 
effects of various technical issues from a photovoltaics perspective. 

The union of these two government efforts (DOE/EES and DOE/PV) with the 
private sector will increase the likelihood that photovoltaic energy system 
integration will occur in a smooth and timely way. Because the issues are 
addressed from several different perspectives, integrating these photovoltaic 
systems into utilities should be accelerated with fewer difficulties at the 
time of implementation* 
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EXECUTIVE SUMMARY 


Photovoltaic (PV) power generation has a great potential for providing a 
substantial portion of this country’s future energy needs* The technology for 
this clean, abundant source has been available for some time, but the cost of 
producing PV systems has confined its use to remote areas where costs are high 
for any energy source* As the costs for PV systems arc reduced, they will 
become more competitive with the present alternatives available to electric 
utilities. The widespread and significant use of PV that could result from 
connection of small dispersed PV systems to utility systems gives rise to 
technical issues not encountered in remote area installations* These issues 
arise because of the differences between small-size dispersed PV systems and 
large-size conventional generation and they must be resolved before PV systems 
can be successfully connected to a utility* 

Until now, a limited amount of effort has been devoted to fully 
understanding and resolving the technical issues of PV integration* There has 
been even less study devoteJ to understanding the way PV systeus will interact 
with other Distributed Storage and Generation (DSG) devices such as wind, 
batteries and fuel cells, that also may be integrated with future utility 
systems* The U.S* Department of Energy (DOE) PV Program, recognizing the 
potential problem of unresolved technical ic^sues, commissioned this study to 
look at these issues, present an overall status report describing the 
state-of-the-art, and compliment the extensive efforts funded by DOE/EE^J. 
During this study, it was realized that very few standards, specifications, or 
guidelines currently exist that will aid industry in integrating PV into the 
utility system* 

This report defines the major technical issues associated with the 
integration of distributed PV into electric utility systems and describes 
their impact quantitatively. The report builds upon the results of the New 
Technology Integration Planning Workshop held at Harpers Ferry, West Virginia, 
in August 1980. An extensive literature search., interviews, and analysis 
yielded information about the work in progress and highlighted problem areas 
in which additional work and research are needed* The findings of the 
literature search were used to determine whether satisfactory solutions to the 
problems exist or whether satisfactory approaches to the solution are 
underway* 

The major areas of concern identified in this study are: 

(1) Protection 

(2) Stability 

(3) System Unbalance 

(4) Voltage Regulation and Reactive Power Requirements 

(5) Harmonics 


ES-1 


(6) Utility Operations 

(7) Safety 

(8) Metering 

(9) Distribution System Planning and Design 

The technical issues associated with each of the above areas ar? defined 
and their scope, impact and risks are described in this study* No attempt was 
made to prioritize these issues; it is believed that the successful 
integration of PV for any given level of penetration requires resolving all 
the problems associated with that level of penetration* 


A* STATUS SUMMARY OF THE VARIOUS ISSUES 

The literature review yielded information about the status of the 
various issues that is summarized in Tables ES-1 and ES~2. Qualitative 
statements on each issue classified by the risk posed, state of preaent 
knowledge, areas of concern and further work needed are summarized in Table 
ES-1. Based on this summary, a quantitative assessment of the present status 
of the various issues is presented in Table ES-2* The status of the issues is 
ranked on a scale of 0 to 10; resolved issues are rated 1C; issues totally 
unresolved are rated 0. The present uncertainty of DOE programs precludes 
forecasting the future status of these issues. However, analysis of these DOE 
future activities, as proposed before the budget revisions, does appear in the 
body of this report. 

Table ES-2 also indicates the impact of each issue by the level of PV 
penetration. The levels of penetration are: (1) Technology Readiness (TR) 

which for the purposes of thio study is defined as the installation of a 
single PV array connected tc the utility system, (2) Large Local Penetration 
(LLP) which is defined as a level of penetration of PV sources on a 
distribution feeder when the cotal PV output is around 10% of the feeder load, 
and (3) Large System Penetration (LSP) which is defined as a level of 
penetration of PV sources in any utility system when the total PV output is 
around 10% of the system load* 


B. THK ISSUES 

1. Protection 

To minimize damage and risk of in iiiry and to assure r<r:liabil ity of 
service, proper guidelines for overvoltage, overcurrent and over- and under- 
frequency prott'ction of the power conditioning subsystem (PCS) and the utility 
system must be established. Because of its complexity, protection is divided 
into four parts for discussion (Figure ES-1). 

PCS Overvoltage Pro tec t ion . Tlie PCS must be protected 
against transien': overvoltages that originate either within the PV system 
itself or within the utility. If voltage surges are not suppressed, they 
could damage the electronic components of the PCS. 
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Table ES-1. Qualitative Summary of the Various Issues 
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Possibility of Resonances 

and Self-Excitation if - Sinulations to Determine 

Capacitors Used for Power Modification in Distribution 

Factor Correction System or PCS Desii^n 


Table ES-1. Qualitative SurrLTiary of the Various Issues (Contd. 
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Higher Costs for Spinning Generation Control, Unit 

Reserve and Standby Generation Commlttnent and Scheduling 


Table ES-2* Quantitative Assessment of the Present Status of Various Issues 


Issue 

Present 

Status 

Impact 

PCS Overvoltage Protection 

8 


Utility System Overvoltage Protection 

4 


PCS Protection (Overcurrent & Others) 

5 

Technology 

Source Stability 

3 

Readiness 

Voltage Regulation 

3 

(TR) 

Harmonics 

4 


Safety and Code Requirements 

3 


Metering 

3 


Utility System Protection (Overcurrent 

3 


& Others) 


Large Local 

Distribution System Stability 

0 

Penetration 

System Unbalances 

4 

(LLP) 

Distribution System Planning 

3 


System Operations 

1 

Large System 

Bulk System Stability 

3 

Penetration 

(LSP) 


PROTECTION 

L_ 


POWER CONDITIONING SUBSYSTEM PROTECTION 


UTILITY SYSTEM PROTECTION 


OVERVOLTAGE OVERCURRENT AND OTHER (;VERVOLTAGE OVERCURRENT AND OTHER 


Figure ES-1. Brs^iJcdown of the Protection Issue 
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b* Utility System Overvoltape Protection ^ The utility system 
itself must be protected against overvoltages originating from resonant 
conditions caused by the presence of the PCS* An overvoltage of great 
magnitude could damage power system components* 


c. PCS Protection (Overcurrent and Others) * The PCS must be 
properly protected against overcurrent, undervoltage and over- or under- 
frequency due to faults in the utility, the PCS itself, or any other 
phenomena. This requires coordination with the utility system so that the PV 
sources can be disconnected properly. If the PV sources continue to feed what 
otherwise would have been temporary faults within the utility system, they may 
become permanent and cause prolonged interruption of service and substantial 
damage to the PCS* 


d. Utility System Protection (Overcurrent and Others) . Utility 
power distribution systems connected with distributed PV sources must have 
adequate protection against overcurrent and other disrupting phenomena to 
protect the integrity and reliability of service to all customers connected to 
that system. It is possible that large numbers of distributed PV sources 
could adversely affect time/current coordination of the protective devices 
and, thereby, the reliability of the electrical service* 


Conclusions 

Much is known about surge protection of devices and distribution systems. Based on this 
knowledge and existing guidelines and standards, proper proi action for PV systems can be provided. 

Resonant overvoltages are system- and application-specific. Some preliminary guidelines to avoid 
such overvoltages do exist, but they are suggestions rather than any strong recommendations. 

Some initial studies indicate that distributed PV systems will have a minin^al intact on the 
coordination of distribution system protective devices. More detailed analysis should be performed to 
substantiate this point of view. 

Little work is being done in the important area of PCS protection. Conceptual designs of PCS for 
PV applications exist, but a detailed system analysis of the operating environment for a proper selection of 
the required protective devices is lacking. Such a system analysis should lead to satisfactory coordination 
of PCS and utility protection. 

Some guidelines on protection requirements for dispersed generators have been formulated by 
various utilities. These guidelines deal only with general requirements and may not be entirely applicable 
to a multiplicity of sources. 


2. Stability 

Conventionally, stability is considered to be a system's ability 
to maintain synchronous operation after a disturbance. Control theory defines 
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it as the system's ability to find a new, desired equilibrium state following 
a disturbance. Both definitions are applicable. Due to its complexity, 
stability is divided into three parts for discussion (Figure ES—2). 

a. Source Stability . The -ndividual PV system, connected to a 
utility, must maintain stable operation. Stability of the feedback control 
system is a concern. Fluctuations that may result from improper controls 
could damage the PV system or cause nuisance tripping of PV-system protective 
devices. 


b. Distribution System Stability . Distributed PV systems and 
other DSGs that are connected to a single substation must be able to maintain 
synchronous operation in the face of system disturbances. Undesirable 
interaction between various PV sources and DSGs connected to the same 
distribution system could cause nuisance tripping at the lateral, feeder or 
substation level. This would cause unnecessary outages to customers. It 
could also result in damage to customer equipment connected to the system. 


c. Bulk System Stability . A large system penetration of PV 
systems could cause problems with bulk system stability during excessive 
fluctuations in PV output (due to passing cloud cover, etc.). Any such 
concern could limit the maximum PV penetration on any given utility system. 


ST ABILITY 



SOURCE STABILITY 


SYSTEM STABILITY 



DISTRIBUTION SYSTEM 
STABILITY 


BULK SYSTEM 
STABIUTY 


/ STEADY STATE \ 
i AND TRANSIENT j 


Figure ES-2. Breakdow'. the Stability Issue 
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Conclusions 


Initiul studios with individual PV systoms indicato that proUams of source stability might 
develop. Not much is known about ttw dynamic intaraction of PV systems with each other and with other 
DSGs connected to the utdity system. 

Techniques to study budc system stabdity (without PV! are wed estabdshed. The impact of large 
PV penetration on bade system stabidty may be studied through the moaification of existing techniques. 

3. System Unbalances 

Single-phase PV systems may, at times, accentuate unbalances in 
system voltage and current. These unbalances may cause operational problems 
such as overheating and protective-device nuisance tripping. Single-phase PV 
systems may have size and penetration limits imposed on them because of the 
potential to increase system unbalances beyond tolerable limits. 

Ccncktsions 

The effects of voltage unbalances on induction motors are wed documented; the 
adoweble vohage unbalance is approximately 2%. Little is known about the affects of system unbalance 
on other threa phase appliances and equipment. The mathematical procedure to calculate unbalances 
(symmetrical components) is wed estabdshed. Tim inputs needed such as phase and dne voltages end 
currents, inyiedances, etc., nmy be hard to obtain. 

4. Voltage Regulation and Reactive Compensation 

Utility systems are expected to maintain proper voltage for their 
customers within a narrow, acceptable band. PV systems connected to the 
utility may interfere with voltage regulation by substantially changing the 
noraal flow of reactive power. If proper voltage cannot be maintained when PV 
is added, changes in the distribution system or the PCS may have to be made. 
The cost of these changes may be passed on to PV owners. 


Conclusions 

The problems of eoltage regulation end reactive compensation are inseparable; one affects 
thi other. Surprisingly, there seams to be no standard definition of power factor (or reactive power) under 
nonsinusoidel conditions. 

It may appear to be economical to correct lagging power factors by adding capacitors at the 
terminals of the PV installation. Such capacitors, however, may lead to resonant conditions which can be 
hard to edminate. 

Voltage regulator operations may be affected by reverse power flow and changing power 
factors. Little analysis has been performed on this issue. 
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No utility guidelines could be identified that specify an acceptable voltage band or limits on the 
reactive power for the operation of a OSG connected to the utility. Some power condition^, however, 
offer the ability to control reactive power and could, therefore, prove to he beneficial for voltage control 


5. Harmonics 

Utility systems ideally operate at a fundamental frequency of 
60 Hz for voltage and current. Any harmonics present in the system can 
adversely affect the system operation and its loads. PV systems will produce 
harmonics in both current and voltage because of the dc/ac conversion 
process. If the PV system produces excessive amounts of harmonics and causes 
problems for the utility power system, the utility may ask the PV o'/ner to 
shut down and correct the problem. 


Conclusions 

Only a few utilities in the United States have guidelines or specifications on harmonics. 
Most would require shutdown of the harmonic-producing OSG if it interferes with their service. Many 
European guidelines for harmonks exist, but their appticabUity to high PV penetration is not clear. A 
summary of the various guidelines and specif kations indicates that a 5% system voltage distortkn factor 
IDF) with a 3% limit on any single voltage may be acceptable, but large variations in the various 
guidelines makes the use of this number very limited. 

There is only limited information available regarding the maximum tolerable limits of harmonics for 
appliances and power system equipment. Little effort has been devoted to the measurement of 
background harmonic levels on existing utility systems. Both EES and EPBI have initiated programs in this 
area. 


Other factors affecting allowable harmonks Emits are Telephone Interference (Tl) and 
Electromagnetic Interference /EMI). Much is known of the factors that determine Telephone 
Interference. Investigation of EMI is needed to determine its conformity to FCC regulations. 

Some software is available to study the propagation of harmonics on power systems. It may he 
possible to use it tor some initial studks with dispersed PV systems. 


6. Safety and Code Requirements 

Propfr guidelines must be developeo for the safe installttion and 
operat ion of PV *,ystems so that the owners of sv ch a system and the utility 
operating personnel will be protected. Unless tie safety requirements are 
establ'shed within the framework of product safety standards, building and 
olectriv'al codes, and utility ccxies, approval from the code enforcement 
officials and the utility could be withheld. 
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Conclusions 


Approved sidelines for groundmg of PV mays and PCS do not exist. Modifications to 
the National Electrical Code (NEC) are required to address the cecities of PV mstaKatmn. 

There is no general agreement on the need or the exact benefit of an isolation transformer. 

Visible manual disconnects are a personnel safety requirement ihat a/vtMrs to he universal 
However, manual disconnects may be impractical when there is a large penetration of PV sources. The 
EES pregram is addressing these issues. 

Based on concern for utUty personnel safety, the ability of hoe commutated mverters to feed a 
utihty system during a utility outage must be investigated. 

7. Metering Requirements 

Meters must be modified if they are to accurately measure the 
exchange of energy between the PV system and the utility for billing 
purposes. Meters now in use can accurately measure the fundamental component 
of power (or energy) but are inaccurate under non-sinusoidal conditions. 


Conclusions 

PV system metermg requkements will be determined by utdity rate structures end a 
cost/benefit analysis of the various alternatives by the PV system owner. 

Utilities have shown little concern for how the harmonic content of the output of the PV system 
will be measured. Apparently, meters that accurately measure real and reactive energy under non- 
sinusoidal conditions are not available. 

8. Operations 

The maintainance of continuity and quality of service is the most 
important objective in the operation of an electric utility. Generation 
adjustments that match load requirements must be made in real time. A common 
practice is to distribute power generation among the various generating units 
so that power production will be economical. Figure ES-3 categorizes power 
system operations into three basic functions. 


a. Automatic Generation Control . Automatic Generation Control 
consists of Load Frequency Control and Economic Dispatch. Load Frequency 
Control is the regulation of electric generator output within a prescribed 
area to maintain scheduled system frequency and established interchange of 
pi^jwer. Wl\en there is large PV penetration in a power system^ the normal 
iluctuations in PV output could cause excessive swings in system frequency 
unless proper control is initiated. Economic Dispatch Control is the 
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OPERATIONS 



AUTOMATIC 

GENERATION 

CONTROL 


ECONOMIC LOAD FREQUENCY 

DISPATCH CONTROL 

(5-15 MINUTES) (2-10 SECONDS) 


SCHEDULU;/, AND 
UNIT CCVMfTMENT 
(HOURS- UAYS-WEEK) 


Figure ES-3. Breakdown of the System Operations Issue 


allocation of generatioi requirements among alternative sources for optimum 
economy. The basic methods for economic dispatch are not expected to change 
as PV is integrated int-: the utility. 


b. Scheduling and Unit Commitment , Scheduling is an advance 
commitment (within a few hours) of the various generating units to meet the 
expected load, based on economic considerations. Unit Commitment covers a 
longer period of time (up to two weeks) and is based on availability of 
,<>enerating units. Since PV generation cannot be accurately predicted, 
allowances may have to be made in terms of increased spinning reserve and 
standby generation. 


Conclusions 

It appears that PV system introduced into the utility will not affect total systems 
operations until their penetration is large. Then, the impact wU probably be both econo/nic and technical 
because of the displacement of energy and the possible rapid power fluctuations caused by solar 
transients. 

9. Distribution System Planning and Design 

Because of the impacts of PV on protection, voltage regulation and 
otlu^r issues discussed previously, modifications in the design and planning of 
distributiuu systems appear to be necessary. Further, if PV is not considered 
in the planning phase, its entrance into the utility system will occur in the 
design phase. Thus, the lead time for change would be shortened and the 
available options lessened. If PV is not considered in design efforts in 
advance of need (such efforts may be triggered by an entrepreneur installing 
PV), the «»arly and highly visible projects may accidentally indicate that PV 
is more trouble than it is worth. 
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Conclusions 


The DOE Electric Energy Systems Division (EES} has sponsored studies to identify the 
ways DSGs 'n be incorporated into the planning and design of future ihstribution systems. The results of 
these studies will be of great value m resolving this technical issue. 

C. RECOMMENDATIONS 

Recomnendaticms for future work to resolve most of the issues are 
sunv-^ : '^ed in Table ES-1* In most cases ^ the work involves field 
measu aments y laboratory testing^ model and software developwDent and extensive 
simulation. Due to the possibility of having many designs of PCSs available 
for PV application, the required models should be developed for the various 
generic types of PCSs, such as line-commutated, self-commutated, high- 
frequency links, etc. To the maximum extent possible, the results obtained 
through simulation and analysis should be verified in the field. 
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SECTION 1 


INTRODUCTION 


A* BACKGROUND 


Photovoltaic (PV) power generation has a great potential for providing a 
subrtantial portion of this country’s future energy needs. It provides an 
exhaustible and relatively clean energy source* The technical feasibility of 
PV power generation has been a demonstrated fact for many years, but costs of 
systems currently being produced have confined their use to small-scale, re- 
mote applications. It has been determined that to achieve significant fuel 
displacement, the PV systems must be connected to the utility power system. 
According to the Photovoltaic Mulci-Year Program Plan ,^ ’’distributed grid- 
connected electrical and total-energy residential systems should be able to 
displace significant amounts of centrally generated electricity, first in the 
southwest and subsequently throughout most of the United States. Intermediate- 
sized commercial, institutional, and industrial on-site systems should provide 
a similar option. Utilities should ultimately be able to augment their gener- 
ating capacity with larger-scale systems.” 


However, for the utilities to consider augmenting their conventional 
generating capacity with substantial PV generation and the customers to accept 
it, many utility interface technical issues must be resolved. These issues 
arise from the following major differences between PV and conventional gener- 
ation: 

(1) PV generation is stochastic in nature while conventional gener- 
ation is deterministic (barring forced outages of conventional 
generating units). 

(2) Solar cells generate dc power; conventional units generate ac 
power. 

(3) In distributed PV applications, the PV sources will be connected 
to the distribution syste\r . Thus, tb^ functional requirements of 
the distribution system will change wich a consequent impact on 
its design and operation. 

So far, limited engitieering effort has been expended to identify and re- 
solve the critical issues related to the satisfactory integration of PV gener- 
ation sources into the utility power system. This iray be due partly to the 
fact that, at present, the total PV kilowatt capacity connected to the grid is 
quite limited, and none of these operating systems are considered satisfactory 
fis^m the standpoint of the utility. There ir a real possibility that, in the 
future, PV systems will have to be integrated into utility systems with other 
types of such as fuel cells, batteries, and wind generators. This makes 


^ National Photovol taics Program Multi-Year Program Plan , Photovoltaic Energy 
Systems Division, September 1980. 
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the problems of PV integration even more complex. The guiding principle to be 
followed is that the integration should not result in any adverse impact to 
the utility, PV owner, or other customer. 

The interaction of distributed PV systems in a future utility is shown 
in Figure 1-1. The Power Conditioning Subsystem consists of the dc/ac in- 
verter and its controls, filters, protective equipment and associated 
switching. The other DSG (Distributed Storage and Generation) devices 
connected to the distribution system may be fuel cells, batteries, wind 
generators, and other PV systems. 

Some of the key questions that can arise from such an interaction are: 

(1) What quality of the power (waveform distortion, power factor, 
etc.) produced by PV systems is acceptable to the utility? 

(2) What are the Power Conditioning Subsystem requirements so that 
this quality can be achieved economically, safely, and reliably? 

(3) How should the Power Conditioning Subsystem be controlled so that 
it operates in a stable mode and ensures optimal power transfer 
between the PV array and the utility power system? 



I 1 

PV SYSTEM 


Figure 1-1. Interactions of the Various Systems 
in a Future Utility 
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(4) How should the transmission or the distribution system be modified 
to make the parallel operation of the PV generation sources possi- 
ble? Can any of the power quality requirements be achieved by 
modifying the transmission or distribution system, rather than by 
placing uneconomical constraints on the Power Conditioning 
Subsystem? 

(5) How do other DSGs connected to tne distribution system impact the 
design of the Power Conditioning Subsystem? 

For successful integration of distributed PV systems into the present 
day utility power system, these questions must be answered soon* 


B. TASK OBJECTIVES 

There are major issues related to the integration of PV generation into 
the utility systems that need resolution. These issues will have important 
bearing on PV systems development and the utility transmission and distribu- 
tion system design. As such, they can seriously impact the U.S. Department of 
Energy's (DOE) long-range cost and performance goals and, thus, the acceptance 
and inclusion of PV generation by the utilities and customers* 

The objectives of this study were: 

(1) Define the various problems related to the integration of diotrib- 
uted PV generation into the utility systems and describe their 
impacts. 

(2) Study all the available literature on the subject including: 

(a) Work managed and performed by the various national labs such 
as Sandia and MIT Lincoln Lab* 

(b) Work sponsored by the DOE Office of Electric Energy Systems 
(EES) and other DOE offices on integrati ig new energy 
sources . 

(c) IEEE guidelines and/or standards* 

(d) EPRI-sponsored research* 

(e) European utility guidelines and/or standards. 

(f) Research reported in lEEE/IEE journals, etc. 

(3) Apply the findings of the literature search to the problems de- 
fined above under (1) and determine if a satisfactory solution for 
any of the problems exists. 

(4) Establish expectations for currently suggested studies and re- 
search . 
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(5) Identify further work required in this area including an approach 
to solving the various problems. 

This task has emphasized technical issues concerning residential and in- 
termediate size systems with no dedicated electrical storage* Although cen- 
tral station plants are not specifically addressed, some of the issues raised 
here do apply to them also. However, analysis of such issues was beyond the 
scope jf the current study. 


C. TASK ACCOMPLISHMENTS 


The various major issues which were identified during this task are as 
follows: 

(1) Protection. 

(2) Stability. 

(3) System unbalances. 

(4) Voltage regulation and reactive power requirements. 

(5) Harmonics. 

(6) Utility operations. 

(7) Safety. 

(8) Metering. 

(9) Distribution system planning and design. 


As will be explained later, some of these issues had to be subdivided 
still further to better define their impacts. 


In this report, each major issue is discussed in an individual section. 
Each issue is assigned a proper definition and the risks posed to the PV 
program are described. Also, their scope ard impact are briefly discussed. A 
brief review of all the relevant reference.® revealed by an exhaustive 
literature search is presented for each section. A compilation of these 
references appears in Appendix A. Any guidelines or standards available on 
the various issues are also discussed. Other references which are only 
marginally useful for the present study are listed in Appendix B. Based on 
the literature search, the current and future status of the various issues are 
clearly indicated. The projections of future status are based on the premise 
that the currently planned or proposed DOE studies take place as scheduled. 
Finally, a plan of action for timely resolution for most of the issues is 
recommended . 


A survey was also conducted of two local utilities (Southern California 
Edison and City of Pasadena Department ol Water and Power) to determine their 
current design and operating practices for distribution systems. This 
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informcUion vms holpful in onsurin^ that the various technical issues 
identified related to existing utility distribution practices. The results of 
the survey are presented in Appendix C. 

This study also found that many organizations are studying various 
aspects of interface requirements for dispersed generators. A list of such 
organizations is given in Appendix D. It is recognized that this list is not 
complete. The authors would appreciate knowledge of other organizations 
involved in such studies. 


D. CONCLUSIONS 

Much information has been uncovered on the various issues identified in 
this study which may arise from the integration of distributed PV systems into 
utility power systems. Although many isolated efforts to resolve the various 
issues have been identified, most of the issues remain unresolved. An early 
resolution of these issues is imperative to meet the goals sot forth in the 
DOE Photovoltaic Multi-Year Progr^am Plan . The DOE has recognized the need to 
speedily resolve issues arising from integrating the various new energy 
technologies into the utility power system. It has initiated, or is in the 
process of initiating, a set of activities to resolve the issues. The 
Division of Electric Energy Systems (EES) has the primary respons ihi 1 i ty to 
coordinate all integration activities within TMDE. As such, the EES program 
activities were studied and integrated into the findings of this study. 

Tlie literature review yielded facts about each issues status that could 
bo summarized (Table 1-1). The scale is from "O" to ”10", with resolved 
issues being "10" and issues with little in forma tioii available being "0 ‘ . The 
uncertainty of the Dt'^E budget precludes any effort to state the future status 
of these issues. However, analysis of tlu'se D(')E f'uture activities, proposed 
before the budget revisions, appears in the body of thic^ report. Tlu' tahlo 
also indicates the impact of each issue on various levels of penetration. 

These levels are defined below: 


1. Technology Readiness (TR) 

For the purposes of this study, Technology Readiness (TR) is 
defined as the itistal lat ion of one PV array connected to a utility system. 

2. Large Local Penetration (LLP) 

Tins is defined as a level of penetration of PV sources on a 
distribution system feeder when the total PV output is around lOS of the 
feeder load. 


3. Large System Penetration (LSP) 


util 


This is defined as a level of penetration of 
ty system when the total PV output is around 10^. of 


PV sources on any 
the system load. 
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Table 1-1. Summary of the Present Status of the Various Issues 


Issue 

Present 

Status 

Impact 

PCS Overvoltage Protection 

8 


System Overvoltage Protection 

4 


PCS Overcurrent and Other Protection 

5 

Technology 

Source Stability 

3 

Readiness 

(TR) 

Voltage Regulation 

3 


Harmonics 

4 


Safety and Code Requirements 

3 


Metering 

3 


Utility System Overcurrent and Other Protection 

3 

Large Local 

Distribution System Stability 

0 

Penetration 

(LLP) 

System Unbalances 

4 


Distribution System Planning 

3 


Bulk System Stability 

3 

Large System 
Penetration 

System Operations 

1 

(LSP) 


Although every effort was made to uncover all the relevant literature, 
it is quite possible that some useful material was overlooked. If so, any 
pertinent information may be forwarded to the authors for inclusion in future 
work. 


E. RECOMMENDATIONS 

Detailed recommendations are provided for a timely resolution of most 
unresoWed issues. In most cases, they involve field measurements, laboratory 
testing, model and software development and extensive simulation. Due to the 
possibility of having many different designs of PCSs available for PV 
applications, the models should be developed for the various generic types of 
PCSs, such as line-commutated, self-commutated, high-frequency links etc. 
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Although it is not specifically described in the reconnnendations , the 
results obtained through simulation and analysis should be verified in the 
field if possible* The detailed planning for the full set of activities, 
including field verification is beyond the scope of this study* 
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SECTION II 


PROTECTION 


A. INTRODUCTION 

This section describes protection of the ut'lity system and the Power 
Conditioning Subsystem against various abnormal system operating conditions 
such as overvoltage, overcurrent, over/under frequency, etc# These abnormal 
conditions could originate either in the utility system or the PV system 
itself. 

The issue of protection can be further divided into the categories shown 
in Figure 2-1. Each category is discussed below. 


B. POWER CONDITIONING SUBSYSTEM OVERVOLTAGE PROTECTION 


1. Definition 

Overvoltage protection within the Power Conditioning Subsystem 
involves protection against transient overvoltages originating in the utility 
system or the PV system itself. 


2. Risk 

If these voltage surges are allowed to pass through directly 
without suppression, they could damage the components of the Power Condition- 
ing Subsystem. The electronic components would be the most susceptible to 
damage due to their lower surge-withstand levels. 


PROTiaiON 


POWER CONDITIONING SUBSYSTEM PROTECTION 


OVERVOLTAGE OVERCJRRENT AND OTHER 


UTILITY SYSTEM PROTECTION 


OVERVOLTAGE OVERCURRENT AND OTHER 


Figure 2-1, Protection Categories 


2-1 



3. Discussion 

Because the Power Conditioning Subsystem is directly connected to 
the utility system, it is exposed to the transient overvoltages (or surges) 
occurring from time to time on the utility system* The transient overvoltages 
could be either of atmospheric or systemic origin* A prime example of the for- 
mer is a lightning strike which can cause overvoltages of very short duration 
(order of microseconds)* The magnitude of the overvoltage is dependent upon 
the lightning strike, the point of impact, and the system characteristics. 

Some examples of transients originating within the system are switching 
surges, ferroresonance, restrikes in switches and circuit- breakers, etc* 

The magnitude of these transient overvoltages, even though a system 
dependent parameter, can vary from a few (^^2) per unit^ for switching surges 
to many times ''^lO) per unit for lightning surges. Electronic components used 
in power condit'oning systems such as transistors, SCRs, diodes, etc., will be 
more susceptible to damage by these voltage surges than conventional power 
system components such as transformers, cables, switchgear, etc. It is not 
unusual to specify surge-withstand voltage levels as high as !0 to 20 times 
the normal vcitage rating for these conventional components* However, to 
achifive the same withstand level for electronic components is not practical. 

It is imperative, therefore, to provide proper surge protection so that the 
exposure voltage is limited to a safe value. 


C* UTILITY SYSTEM OVERVOLTAGE PROTECTION 


1. Definition 

Overvoltage protection within the utility system includes pro- 
tection of the system against overvoltages originating due to the PV sources 
connected to it. There are overvoltages that originate within the utility 
system itself, but the current utility systems are adequately protected 
against them. 


2. Risk 

These overvoltages could be of great enough magnitude to seriously 
damage power system components such as capacitors, etc* 


3. Discussion 

The cause «.'nd the nature of these overvoltages arising from the 
inters tion of the PV sources with the utility system is discussed here. Of 
the viifious types of conversion alternatives available, two approaches are 
cormEoniy applied today. 


magnitude of per-unit is "X” times the rated system line-lo-line 
vol tage. 
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Current Fed Line-coxnroutated (CFLC) inverters switch a dc current (using 
utility voltage for commutation) so that resulting output is an alternating 
waveform. The voltage at the output terminals is then a function of the 
driving point impedance looking into the terminals of the utility at the 
converter (which itself is a function of mar^y variables). In other words, 
such a converter behaves as a current source. 

Voltage ?'ed Force-commutated (VFFC) inverters switch a dc voltage (using 
their internal 'clocks* for switching purposes) so that the output represents 
an ac voltage waveform. The current waveform is then a function of the driving 
point impedanre looking into the terminals of the utility at the converter. 

Such a converter behaves as a voltage source. 

For the purpose of the analysis here, only ideal sources will be 
assumed. However, the ramifications of any impedances associated with these 
sources will alsc be discussed. 

Figure 2-2 shows an ideal voltage source (self-commutated inverter) 
connected to a power system represented by a lumped inductance L and shunt 
capacitance C. The voltage source Vg is expected to be made up of many 
harmonic frequencies. 

Under steady-state conditions, the voltage across the capacitance is 
given by: 



where 

jVgj - magnitude of source voltage 

jV^j = magnitude of voltage across capacitance 


i 



Figure 2-2. An Approximate Lumped Representation of a Power System 
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» inductive reactance 


Xl 

Xq ■ capacitive reactance 
for any frequency of interest* 

At resonant frequency, Xq ~ X^, and thus the voltage across the 
capacitance can theoretically go to infinity. However, because of damping 
associated with the source and system resistances, the voltage will be finite 
but possibly large in magnitude. Thus, to predict this magnitude, it is 
important to know the value of this resistance quite accurately. 

Resonances can also occur if a current source inverter is employed. In 
such a case, resonances between parallel elements of the system will be of 
concern rather than the series resonances illustrated above. 

Obviously, this is a very simplified analysis of an approximate repre- 
sentation of the power system. Its sole purpose is to give an insight to the 
problems of overvoltage which could occur from the interaction of the PV 
sources with the utility power system. 


D. POWER CONDITIONING SUBSYSTEM PROTECTION (OVERCURRENT AND OTHERS) 


1. Definition 

Power Conditioning Subsystem (PCS) protection involves protection 
against any abnormal operating conditio is such as overcurrent, undervoltage, 
or over/under frequency either from e fault on the utility system, an internal 
fault in the PCS, or any other phenomena. This would also include the proper 
coordination and/or disconnection of the PV source from the rest of the system 
under these abnormal conditions. 


2, Risk 

Continued feeding of the faults on the utility system by the PV 
source could cause what otherwise would have been temporary faults to become 
permanent resulting in prolonged interruption of service to a large part of 
the system. Improper coordination of the Power Conditioning Subsystem 
protection with the rest of the utility system could result in substantial 
damage to the Power Conditioning Subsystem. 


3. Discussion 

In overhead distribution systems, initially a large percentage of 
the system faults are temporary (such as a tree limb falling on a line, arcing 
insulators, etc) According to available statistics, 50 to 80Z of the faults 
(both bolted and resistive faults) that occur on a system are temporary. Tem- 
porary faults are cleared by opening a recloser or a reclosing circuit-breaker 
to de-energize the circuit for a long enough time to let the fault clear by it- 
self (such as an arc to extinguish). The recloser then automatically switches 
on and if the fault still persists, it switches off again. This opening and 
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closing sequence is repeated two to three times, depending upon the applica- 
tion. If the fault is still not cleared, the recloser is locked out in an 
open position and permanently disconnects the circuit until the fault is 
manually located and removed* A typical recloser operating sequence is 
depicted in Figure 2-3* 

If these temporary faults are allowed to persist, even at the low levels 
of fault current available from PV systems, they might very well result in per- 
manent faults. This would cause a complete circuit to be disconnected until 
the fault was removed manually. There is a distinct possibility that PV 
sources connected to the system may play a role in causing temporary faults to 
become permanent. This can be illustrated with reference to Figure 2-4 which 
shows a portion of a typical utility distribution system. Because the PV sys- 
tems are connected to the utility line, they will keep on feeding the fault 
unless disconnected individually from the utility line. This could be accom- 
plished by providing fault-sensing logic which would sense any abnormal change 
in operatin^^ parameters (such as frequency, current or voltage) and disconnect 
the PV system. However, there could be situations (such as a high resistance 
fault and low insolation condition) in which these parameters might stay with- 
in the tolerable range even under faulted conditions. The PV systems would 
continue feeding the fault until the fault became permanent. However, this is 
a hypothetical situation and will have to be verified by actual analysis. 

It is also important that the opening of the PV system circuit-breaker 
be properly time-coordinated with the utility protective system. The circuit 
opening should be at least as fast as the operation of the utility side re- 
closer. A switching logic incorporating sequential opening and closing (to 
coordinate with utility recloser) i^ay also have to be used for higher reliabil- 
ity. This would ensure that the PV system is not disconnected permanently on 
temporary utility faults. 


"FAST*' OPERATIONS "TIME-DELAY" OPERATIONS 

(CONTACTS CLOSED) (CONTACTS CLOSED) 



RECLOSINO .‘^'TERVALS (CONTACTS OPEN) 


Figure 2-3. A Typical Recloser Operating Sequence 
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PHASE 
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PHASE 
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PHASE 

C 



Figure 2-4« A Typical Distribution System with PV Sources Connected 


For single 1 ine-to-^ground faults, another problem may develop which can 
again be explained with reference to Figure 2-4. For a fault on phase C, 
hopefully all the PV sources on that phase will be disconnected from the 
system. However, the sources on the sound phases will continue operating and 
feeding energy to local loads even after the feeder recloser at the substation 
transformer tiips off. If the margin between available PV generation and 
system load is large, a significant change in system frequency and voltage may 
result. This would cause the individual fault-sensing logic to sense this 
abnormal condition and switch off the PV sources. If such is not the case and 
PV sources continue feeding the system, there is a distinct possibility that 
the utility source, when closed again, will close out of synchronism with the 
PV source, causing considerable damage. Any three phase loads still served by 
remaining two phases of the PV systems may also be subjected to **single- 
phasing," a potentially harmful condition. 


E. UTILITY SYSTEM PROTECTION (OVERCURRENT AND OTHERS) 


1. Definition 

Protection of the utility distribution system (with distributed PV 
sources connected) includes proper protection under various faulted conditions 
so that the reliability of service remains unaffected. 
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Risk 


A large number of distributed ?v sources connected to the utility 
distribution system may adversely impact the time/current coordination of the 
various protective devices* This would increase the probability of outages to 
the customers connected to the system* 


3* Discussion 

The overcurrent protection system is installed to perform numerous 
functions in a distribution system* Some of the functions include isolating 
permanent faults, minimizing fault location and clearing times, preventing 
equipment damage and minimizing the probability of disruptive failure and 
safety hazards to public and system operating personnel. A typical over- 
current protection system for a radial distribution system is given in Figure 
2-5. This system shows a three-phase main feeder protected with a three-pole 
circuit-breaker or recloser at the distribution substation* The single-phase 
lateral circuits are connected to the thi ''e-phase main through either fuses or 
sectional! zers. Any switching arrangements for sectionalizing or emergency 
ties to adjacent feeders are not shown here but do exist in practice* 


0A 


0C 


0B 


0A 


OC 


0B 



0 FHA5t aTK ok 
XFK BANK 


0B 


0A 


0L 


0b 


OA 


OC 


3 f’HASt MAIN 
-i — 1 I'HAit LATfcKAL 


Figure 2-b, Simplified Single-Line Diagram of a Distribution Keedei 

to Illustrate Locations of Overcurrent Protective Devices 
(from Reference 6) 
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To maintain a high reliability o/ electrical service, it is necessary 
that only faulted port'ons of the system be disconnected and isolated from the 
rest of the system* This is achieved by properly selecting protective devices 
(reclosers, fuses and sect t onal izers ) and coordinating them by their time- 
current characteristics. To properly use these characteristics, the lowest 
and highest expected values of the fault current observed by the protective 
devices must be known. In present day distribution systems, these values are 
determined by simple, short-circuit calculations because the only source of 
fault current is the utility system (ignoring small contributions to fault 
current by motors on the system). Even if the contribution of motors is in- 
cluded, simplified procedures have been developed to include their <»ffect. 

Once the distributed PV sources are connected to the system, they will start 
contributing to the fault current, even though their overall current contribu- 
tion will be much smaller than the utility system. Besides being a function 
of insolation (and thus the time of day), this portion of the fault current 
will be a function of the number of PV sources on the feeder and their loca- 
tion. The fault current contribution of the PV sources may not be great, how- 
ever it might be enough to adversely impact the time-current coordination of 
the protective devices on the system. Local tuned circuits might cause severe 
overcurrents which can also have adverse impacts on the coordinat ion . To 
accurately determine fault currents with PV sources present, extensive fault 
studies must be carried out which would he much more complex than identical 
studies for present day systems. 


F. REFERENCES 


1 . Photovoltaic Ut i 1 i ty /Cus tomer Interface Study , 
Final Report Wes tiiighouse Electric Corp^ for 
Sandia Labs under Contract #13-2228, December 
1980. 


Chapter 2 discusses the protective relaying requirements for inter- 
connection of residential, industrial, and commercial PV systems to the 
utility. For the residential systems, most of the protr •'ion requirements are 
assumed to be with the Power Conditioning Unit (PCU) ana ^re not discussed in 
detail. For the connnercial and the industrial case, detailed single-line 
diagrams shoving the various types of protective devices are given. Again the 
PCU protection requirements are not discussed in detail. The emphasis is on 
the protection of utility interconnection. 

It would have been more helpful if the report had highlighted the actual 
protection requirements for the PCUs rather than for just the utility inter- 
connections. The practices for these are reasonably well established. 


2* Kitobark, E. W., Direc t Current Transmission , 
Vol . I, Wiley Interscience, 1971. 
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Chapter 7 discusses the protection requirements of HVDC systems and, in 
particular, for converter stations* Four categories of protection are 
discussed : 

(1) Overvoltage protection, accomplished similarly to that of an ac 
system* 

(2) Overcurrent protection, accomplished by valve control. 

(3) Damping of voltage oscillations by using valve dampers. 

(4) Avoiding commutation failures and limiting short-circuit currents 
by using dc reactors. 

The anai p s d'^veloped is valid for only large size HVDC converters. 

Some of the re* amen^Utions provided could very well apply to small converters 
in utility interactive applications. 


3. Study of Dispersed Small Wind Systems Interconnected 
with a Utility Distribution System , Interim Report 
by Systems Control Inc. for Department of Energy, 
Contract #DE-AC04-76DP03533 , March 1980. 


The purpose of this study was to determine the feasibility of and to 
develop strategies for safely connnecting dispersed small wind systems to the 
distribution system of an electric utility. 

Analysis of an induction generator’s response during a three-phase util- 
ity line fault indicates that the impedance of a small induction generator is 
greater than the utility’s short-circuit impedance. Consequently, the current 
contribution of the small induction generator is not enough to cause erroneous 
operation of the utility’s overcurrent devices. This relative difference in 
impedance allows the small induction generator to respond to a three-phase 
utility fault at the utility’s substation as if the fault occurred at the gen- 
era'.or’s terminals. This result did not vary with changes to the number of 
small wind systems connected to the feeder, and the impedance of the utility 
fault . 


These results suggest that individual small wind systems are unlikely to 
contribute sufficient fault current to cause coordination problems. This is 
because of the relatively large impedance calculated for the small wind system 
compared with the utility’s short-circuit impedance. 

A comparison of the small wind systems of the synchronous generator and 
induction generator with the self- and line-commutated inverter systems shows 
that the synchronous and induction generators pose a greater potential problem 
to the coordination of the utility’s protection equipment. Specifically, syn- 
chronous generators are voltage sources which can continuously feed a utility 
fault until they are disconnected by an interrupting device. Induction gen- 
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eratot‘8 contribute to fault current within the first few cycles. In contrast , 
the contribution of self- and line-commutated inverters to three-phase utility 
taults is usually interrupted within the first cycle by the failure to commu- 
tate. 


For utility faults with impedance the induction generator’s voltage 
decay time constant was found primarily dependent on the generator's machine 
constants* These wind-turbine generators are unlikely to contribute fault 
current after two cycles* 

These conductions, particularly that the contributions of self- and 
line-commutated inverters to three-phase utility faults is usually interrupted 
within the first cycle, are interesting. This would imply that there would be 
no problem of protective device coordination with distributed PV systems 
connected . 


4, Assessment of Distributed Photovoltaic Electric 
Power Systems , Final Report by JBF Scientific for 
EPRI Project RP 1192-1, July 1980, 


The purpose of this study was to analyze the technical and economic 
potential of distributed photovoltaic electric-power systems in the United 
States by 1995 and to assess the probable impact of PV systems on the U.S. 
electric utility network. 

A methodology was developed to assess potential impacts on Transmission 
and Distribution (T&D) systems associate"! with Che installation and operation 
of distributed PV units. The methodology applied static (single point in time) 
analytical techniques on a synthetic T&D network model. The model, developed 
from earlier work on T&D models funded by EPRI, included one 69 kV subtrans- 
mission circuit and four 12 kV distribution circuits. The distribution cir- 
cuits consisted of overhead and some underground lines in urban, suburban and 
rural locations, 

Photovol tai*' systems were introduced in the subtransrai ss ion and distri- 
bution circuits as lumped generation. The photovoltaic systems were applied 
at several penetrations with multiple output characteristics. 

lUc following sunanarizes the potential impacts on the protection re- 
quirements of the utility distribution system when distributed PV is installed, 
A typical V-I charac ter i s t ic of a PV array showed that the fault current would 
be only 181 more than the rated current. Therefore, PV would be a very weak 
source of fault current. Typical primary and secondary short-circuit <lut ies 
are around 10,000 amps, while PV fault currents appeared to be less than 100 
amps. In addition, distribution system sec t ional izi ng equipment is getu'rally 
not directional. Thus, PV backflows will not contribute significantly to util- 
ity system primary at\d secondary fault currents or to sec t ional izing equipment 
ratings • 
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Potential distribution system sec t ional i zing problems appear to consist 
mainly of coordinating PV relaying schemes with utility relaying. Two possi- 
ble problem areas are the coordination of reclosers with PV relaying and po- 
tential PV impact on inrush currents during cold load restoration* 

Overcurrent and undervoltage relays will probably be required to coordi- 
nate dispersed PV relaying and control with utility sectionalizing equipment* 
Current unbalance relaying may be required on three-phase PV* In addition, 
there will probably be synchronizing and timing requirements for reconnecting 
PV systems after a fault. 

This study provides an interesting first-hand look at the protection 
problems of distributed PV systems. However, the results only provide an ini- 
tial assessment of the various problem areas and wore detailed analyses must 
be performed before any firm conclusions can be drawn. 


5. Study of Distribution System Surge and Harmonic 

Characteristics , Final Report EL-1627, Prepared by 
McGraw-Edison Company for EPRI, November 1980. 


Section 4 of this report discusses the transient voltage surges on dis- 
tribution systems. The purposes of this section were to: 

(1) Define the characteristics of voltage surges that exist on distri- 
bution systems at the connection points for power conversion 
equipment . 

(2) Define the effects of voltage surges on power conversion equipment. 

The causes of various types of voltage transients on dist r ibut ion 
systems such as lightning, capacitor and circuit switching operations, and 
current-limiting fuse operation wore investigated. Voltage surges resulting 
from the lightning strokes were investigated using a simple model of a 12.8 kV 
distribution system with three feeder circuits. The model was developed for 
implementation on the McGraw-Edi son Transients Analysis Program (METAP'). It 
was found that a rate-of-vol tage rise as high as 1,000 kV/is is possible on 
overhead distribution systems as a result of a severe lightning stroke. If 
the converter transformer is fed through an underground cable, assuming the 
transformer is protected by an appropriate surge arrester, the voltage tran- 
sient resulting from a lightning strike will not be as severe as it would be 
if the supply was through overhead lines. Because of lower cable surge imped- 
ance, the rate of voltage-rise upon entering the cable is reduced by approxi- 
mately 80%. 

Switching surges associated with energizing feeder capacitor hanks were 
measured during field tests on two utility distribution systems. The tran- 
sient overvoltages recorded during the switching of a 12 MVAR capacitor bank 
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ranged from 1.0 to 1.6 per-unit of the steady-state-phase-to-neutral crest 
voltage. 


The effects of voltage transients on converter circuits are discussed in 
detail and corrective measures suggested. The effects are classified by vari- 
ous surge parameters such as rate of, voltage, rise, voltage magnitude and 
surge duration. 

The instrumentation used for surge measurements on actual systems is 
described in Chapter 3. During the field tests, only capacitor switching 
operations could be staged. The instrumentation was designed to record these 
particular surges. 

Section 6 provides guidelines for performing surge analysis to identify 
potential problems on the distribution system. The Transient Network Analyzer 
(TIIA) and McGraw-Edison Transient Analysis Program (METAP) are briefly de- 
scribed. Also, res'^lts from the actual field tests are compared to the results 
obtained by analog and digital simulation. The simulated capacitor bank 
switching operations for one system rvi^vilted in transient overvoltages ranging 
from 1.0 to 1.45 per unit. The fielc cases resulted in actual over- 

voltages as high as 1.49 per unit. Slighcly more damping existed in the TNA 
simulations than appeared to be present during the field tects. 

As a conclusion, this reference provides an excellent treatment of tran- 
sient overvoltages on distribution systems. The results obtained here along 
with some from other references should provide excellent guidelines for surge 
protection of PV systems connected to the utility distribution system. 


6. Application and Coordination of Reclosers, 
Sec tionalizers and Fuses, IEEE Tutorial 
Course 80 EH 0157-8-PWR. 


The purpose of this tutorial course was to address the topic of over- 
current protection of a distribution system in as complete a manner as possi- 
ble. This will provide the utility engineer with a basic reference tool to 
aid in analyzing and providing adequate protection for the system. The course 
includes the basics of determining system parameters and calculating fault 
current magnitudes. This is followed by the basic nature, theory of opera- 
tion, and application principles for fuses, reclosers, and sectionalizers 
normally used to provide overcurrent protection. Then, the coordination of 
these devices in series is detailed and a typical distribution system is 
presented to demonstrate the principles in a realistic situation. Finally, 
other specialized aspects of pr* viding system protection and continuity are 
addressed. 

With PV systems connected to the utility distribution system, the 
principles demonstrated in this tutorial must be followed closely to determine 
the impact on the system overcurrent protection. 
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7* Surge Protection in Power Systems ^ 

IEEE Tutorial Course, #79 EU0144-6-PWR* 


The objectives of this tutorial course were to present some os the es- 
sence of the voluminous material regarding: (a) concepts in surge phenoit^na, 

protection, and insulation coordination; and (b) specifically, modern proce- 
dures and practices in the application of surge protective devices in the 
following categories: 

(1) Station and station equipment. 

(2) Lines, cables, and connected equipment. 

(3) Underground and overhead distribution systems. 

(4) Rotating machines. 

(5) Gas insulated substations (GIS). 

The material presented here relates to protection of the system against 
surges originating within the system itself. It is necessary to fully under- 
stand these practices before trying to implement an effective strategy for the 
protection of PV systems connected to the utility distribution system. 


8. Investigate Protection of Electric D'!stribution 
Systems Containing Decentralized Generating 
Devices, RFP PEDS-19, Oak Ridge National Lab for 
Department of Energy. 


This program is sponsored to investigate the adequacy of the electric 
utility industry’s present protection v-?nd safety practices for electric distri- 
bution systems with dispersed production devices and to develop new protection 
and safety philosophies. Commercially available hardware will also be assessed 
and new hardware needs identified. 

The scope of the various tasks is as follows; 

(1; Establish a benchmark by surveying the electric industry for their 
approach to distribution system protection and personnel safety 
with dispersed production devices. 

(2) Assess the impact of dispersed production devices on protection 
practice using reclosing as a policy, particularly considering 
reclosing on energized electronic sources. Identify any supple- 
mentary hardware (either presently available or that which could 
be developed) which should be considered. New hardware should 
have its functional characteristics defined as part of the study. 
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(3) Develop a set of guidelines for recommended work practices, proce- 
dures and hardware needs, in the distribution system with dispersed 
production devices* Methods and devices for detecting the presence 
of dispersed production devices in the distribution system should 
be considered. 

(4) Investigate the economics of applying existing hardware to dis- 
tribution systems, containing dispersed production devices, using 
present protection philosophies • 

(5) Establish strategies for properly coordinating protection among 
the substation, feeder, secondary transformer, and the production 
device. Give consideration to both technical and economic aspects* 
In developing these strategies, the size, location, and pene- 
tration of the dispersed production devices must be considered. 

The effects of islanding of an electric distribution system with 
dispersed production devices requires attention. 

(6) Assess the impact of bacKfeeding the distribution system on equip- 
ment* 

(7) Develop new protection philosophies for electrical distribution 
systems containing dispersed production sources. These approaches 
should be innovative with appropriate consideration given to 
digital schemes, particularly their reliability. 

(8) Identify new hardware needs when present equipment is inadequate 
to protect the system and the production device. 

The following specific comments are offered regarding this RFP: 

(1) The thrust of the effort is the protection of the distribution 
system and not necessarily the dispersed generator itself. 

(2) Coordination between device protection and system protection is 
considered as well as various specific device protection scenarios. 

(3l Various scenarios and penetrations of DSGs will be evaluated, 

i.e., only PV sources on a feeder and a combination of PV, wind, 
etc . 

As of this writing, the various contracts under this RFP have been 
awarded. The contractors selected are McGraw-Edison Company, General 
Electric, and Systems Control, Inc. 


^ * I ntpvCt of Dispersed Solrr and Wind System s on 
Electric Distribution Planning and Operations , 
Final Report, SCI for Oak Ridge National Lab, 
Report # ORNL-SUB-7662-1, February 1981. 
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The study conclusions are, that due to their high internal impedances, 
the current contribution from small dispersed generators would not be great 
enough to cause erroneous operation of utility's overcurrent devices. 

These conclusions seem to be based on some very simple calculations for 
a limited penetration. Therefore, it may seem rather premature to come to 
such definitive conclusions. Some abnormal conditions (system resonances) 
might develop under 'which the fault current could be of great er^ough magnitude 
to adversely impact the time/current coordination of protective devices. Such 
cases need to be thoroughly investigated before any final conclusions are made. 


10. Investigation of a Family of Power Conditioners 
Integrated into the Utility Grid , DOE Contract 
DE-AC02-79ET 29359 with Westinghouse Electric 
Corporation, Draft Final Report, January 1981. 


The study points out the need for coordinating converter ac fault pro*- 
tection with existing devices in the residence and the utility network. To 
protect the converter's internal parts, converter ac fault clearing or other 
protective action must be much faster than normal ac protective devices. 

The exposure voltage of residential circuits to voltage surges is gener- 
ally within a range of 2-5 kV. The wiring breakdown limit is typically 6-8 kV. 
For acceptable reliability, the study recommends that the conversion equipment 
be designed to withstand the same surge levels as the wiring. 

For current source converters, this is done only by applying suitable 
surge limiting devices (selenium, zinc oxide or a silicon carbide spark gap) 
at the converter side of the isolation transformer and by using thyristors 
with voltage ratings higher than the peak discharge voltage of the surge 
limiting device used. The current sourcing inductor must also be designed to 
withstand that peak discharge voltage. For a voltage-sourced converter, no 
protection is suggested provided the total tie impedance is large enough. 


G. GUIDELINES/STANDARDS 


1 . Standard Voltage Values for Preferred Transient 
Insulation Levels. ANSI C92. 1-1971 


2 . Gu ide for Application of Valve Type Surge 
Arresters for AC Systems . ANSI C62. 2-1978 
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3* Surge Arresters for AC Power Circuits 
ANSI C62. 1-1975 


The foregoing three standards relate to the proper surge protection and 
to selection of insulation withstand levels for ac systems* 


4* IEEE Guide for Protective Relaying of Utility- 
Consumer Interconnections* ANSI C37*95-1974 


This guide was prepared to aid in the effective and uniform application 
of fuses, relays, and associated switching equipment located at the point of 
interconnc^ction between the utility and the consumer electrical systems* 

Descriptions of the various devices, definitions of terms and references 
to other technical publications were included to make the guide useful to relay 
engineers and to other technical people not intimately familiar with the art 
of relaying. It includes examples for relaying of typical installations, with 
and without consumer generation and with service from utility radial or loop 
teeders « 

The protection principles presented in this guideline should be helpful 
in designing protection schemes for !istributecl PV systems connected to the 
utility* 


5* Standards for Operating Reliability , 
California Public Utilities Cocwiission 
Draft Report, Chapter 14* 


This draft report was prepared as a result of FERC Section 292.308 which 
requires that any state regulatory authority (with respect to an electric 
utility over which it has rate-making authority) or a non-regulated electric 
utility may establish reasonable standards, to ensure system safety and 
reliability of interconnected operation. 

The rue staff recommendation regarding protection is given below. 

The following functional standards shall be observed by each Qualifying 
Facility (QF) when generating in parallel with an electric utility: 

(1) Sense and properly react to utility failures/malfunctions. 

(2) Assist the utility in maintaining system integrity and reliability. 


(3) Protect the safety of the public and utility personnel* 

All QFs shall provide protection against the following adverse condi- 
tions that can cause electric service degradation, equipment damage, and harm 
to others: 

(1) Prevention of inadvertent and unwanted reenergization of a utility 
dead line or bus* 

(2) Interconnection while out of synchronization* 

(3) Overcurrent. 

(4) Utility system load unbalance* 

(5) Ground faults* 

(6) Generated ac frequency outside permitted safe limits. 

(7) Voltage generated outside permitted limits* 

(8) Poor power factor. 

The utility may require medium and large QFs, 100 kW and above, to have, 
in addition to the protection listed above, overcurrent protection, utility 
system load unbalance protection, and a suitable power factor. An alternate 
would be a power factor compensation up to its nameplate generation capacity. 

Should the interconnection requirements be simplified for induction 
generators and other utility iine-commutated inverters? It is believed that 
these generators might excite each other, or various inductive-capacit ive line 
conditions could excite and cause inductive generators to continue operating, 
if that part of the circuit separates from the utility* Thus, these types of 
generators should not be given any special treatment. 

These are only general guidelines and are not based on any detailed 
technical analyses. It is hoped that each issue will be examined in detail 
before any specific standards are formulated. 


6. Interconnection Facilities and Facilities 
for Operating in Parallel , American Public 
Power Association (APPA), Final Report, 
September 12, 1980. 


This paper was prepared by a five-member subcommittee of the APPA 
Cogeneration Task Force. It was primarily intended to provide an overview, 
with some detail, of the technical aspects of interconnecting and operating in 
parallel with cogeneration and small power production facilities (QFs). This 
was required under the final rule issued by the Federal Energy Regulatory 
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Commission (FERC) on February 19, 1980^ regarding the implementation of 
Section 210 of the Public Utility Regulatory Policies Act of 1978* 

Some technical considerations of interconnected operations with QFs were 
not addressed in this paper* These includcy for exampley the impacts of 
increasing numbers of QFs connected to a single or multiple circuit(s) of a 
utility and the impacts of more than one QF connected in aeries to a utility* 

The guidelines regarding protection were: 

(1) Any ac QF system should have fault detecting equipment to discon- 
nect under fault conditions. Without the required protection 
(fault and overcurrent), the total electrical system of the QF is 
a hazard. 

(2) Any dc system with a line commutated inverter should be required 
to shut down upon loss of utility line voltage. In addition, the 
line commutated inverter must have a device to completely isolate 
the inverter from the utility system if the utility voltage drops 
20Z; for example, 96 V line-to-ground in the case of nominal 120-V 
service * 

(3) Self-commutated QFs may be acceptable if they are adequately pro- 
tected with over/under voltage relays, frequency relays, and 
automatic synchronizing relays and if they are prevented from par- 
alleling with the utility unless the utility line ia energized. 
They should also shut down or disconnect from the utility system 
when the utility’s interconnected line becomes deenergized.. 

(4) The National Electric Code (NEC) ART 230, 240, and 280 and local 
building codes will have jurisdiction on the usage and location of 
protective devices. The supplying utility may also have specifi- 
cations concerning these devices* 

(5) Xue addition of a voltage regulator to regulate QF voltage output 
at nominal +5X may be required to prevent over/under voltage from 
entering the utility distribution system. Protection for over/ 
under voltage on the utility system is very important to prevent 
damaging and shortening the life of customer equipment. 

(6) Electric system characteristics may be affected by the fault cur- 
rent of the QF. The fault current, previously supplying only the 
utility, now becomes the sum of that available from the utility 
and from the QF. This additional current, however, probably will 
not preclude the use of the protection (fuses) normally used on 
bupply lines. However, if directional relaying is used, the addi- 
tion of the QF may require modification of the relaying scheme for 
the relays to perform properly. 


7. Tennessee Valley Authority Proposed Policy on 
Dispersed Power Production and Interim Program 
and Guidelines for Implementation , Federal 
Register, Vol . 45, No. 234, December 3, 1980* 
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This reference describes the TVA proposed policy for encouraging dis- 
persed power production in the Tennessee Valley region and an interim program 
and guidelines to assist TVA and its power distributors in the implementation 
of this policy* The policy^ program^ and guidelines encompass cogeneration 
and small power production facilities included under Sections 201 and 210 of 
the Public Utilities Regulatory Policies Act of 1978* 

The guidelines for protection are as follows: 

(1) Fault Protection 

(a) Adequate protection facilities shall be provided by the 
owner to protect the line(s) connecting the production fa- 
cility to the electric system from faults originating from 
the production facility. This includes primary fault dis- 
connecting switchgear and secondary relaying and control 
circuitry. 

(b) It shall be the responsibility of the owner to provide ade- 
quate protection of its production facility from fault cur- 
rents originating in the electric system because of a fault 
in the production facility* 

(2) Overvoltage and Undervoltage 

(a) It shall be the responsibility of the owner to provide ade- 
quate protection or safeguarvls to prevent damage to the con 
netting electric system caused by overvoltage originating 
from the operation of the production facility. 

(b) It shall be the responsibility of the owner to provide 
adequate protection of its production facility from 
inadvertent overvoltages originating on the connecting 
electric system. 

(c) It shall be the responsibility of the owner to provide 
facilities which adequately to prevent the production 
facility from being damaged by under voltage conditions on 
the connecting electric system* 

(3) Synchronization 

(a) The owner shall provide adequate facilities for the proper 
synchronization of its production facility with the 
connecting electric system such that synchronizat ion is 
accomplished without causing undesirable currents, surges, 
or voltage dips on the connecting electric system. 

(b) The owner shall provide means for properly disconnecting th 
production facility from the connecting electric system for 
system line interruptions and for the proper resynchroni- 
zation of the production facility following such 
iuterruptions • 
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San Diego Gas and Electric Company, Protection 
and Operation Cuidelinea for Cogeneratora and 
Small Power Producers , Preliminary Draft Submitted 
to California PUC* 


The excerpts from this draft pertaining to the protection of generators 
less than 100 kW are: 

(1) The customer will be required to provide suitable devices to 
ensure adequate protection for the conditions a*, tollows: 

(a) All faults on the customers system involving phase and ''or 
ground* 

(b) Faults on the SDG&E system (for some utility system faults, 
clearing may be sequential with customer’s separation due to 
excessive backfeed or undervoltage conditions after the 
utility system has cleared)* 

(c) Prevent backfeed or start-*up of a cu Corner’s generator(s) 
into a dead SDG&E bus. This condition can be waived where 
backfeed from the customer’s generation is not possible. 

(2) As a minimum, the following customer protective devices are 
required to effect connection and separation of the utility and 
customer systems. 


(a) 

Individual phase overcurrent 

trip devices. 

(b) 

Undervoltage trip devices. 


(c) 

Underfrequency trip devices* 


(d) 

Synchronizing or equivalent 
connection with the utility 

controls to ensure a smooth 
system. 


(3) Tl^e requirements listed in (2) are based on SDG&E * s forecast that 
there will he a relatively small amount of customer get^eration vs. 
load for any particular line on the utility system. Il a heavv 
saturation of small power production on some line(s) does occur in 
the future, the custtxner may be required to provide additional 
prot<*ction at that time. When an induction generator is 
installed, the phase overcurrent trip devices may be waived. Per- 
mission to waive these devices will be given onls after a check of 
the supply circuit (for capacitance) was made and it was dett^r- 
mined that the customer’s generation will not be able to backfeed 
the SDG&E system. 

(4) The customer shall ni't reconnect his generator after a protective 
device trip unless his system is energized from the utility source 
or unless he has isolated his system from the utility. 
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9, Operating ♦ Metering » and Protective Relaying 
Requirements for Parallel Operation by Small 
Co generatora and Power Producers ♦ 100 kW or 
Less t Pacific Gas & Electric Companyi Draft 
Submitted to California PUC, September 1980. 


This guideline is one of the few giving cleari single-line diagrams of 
the protection requirements for cogenerators connected to the system. The 
excerpts from these guidelines pertaining to protection ares 

(1) Minimum protection requirements must be provided for safe and 
reliable parallel operation of both the seller's equipment and 
PG&E's electric system, labile most commercially available 
generators are equipped with some protective and control devices f 
additional equipment may be required to permit parallel operations 
with the PG&E system depending upon the type and size of unit. 

(2) All generating units must have a generator circuit breaker capable 
of interrupting short circuit currents at its location. The 
generator circuit breaker must be equipped with thermal-magnetic 
overcurrent on each phase as well as uudervoltage release and 
solenoid tripping accessos*les. Additional relaying must be 
provided to trip the generator circuit breaker for safe isolation 
or shut down in the event the voltage or frequency at the 
interconnection point is not within PG&E's normal operating 
tolerances. Normally, an overvoltage relay set at 120% of normal 
with no time delay is required. Under- and overfrequency relays 
set at 58 Hz and 62 Hz, respectively, are required with one second 
time delay. Frequency relays are not required for generators 
connected to the PG&E system through a solid state inverter which 
is line-commutated. For generating units over 40 kW, an 
undervoltage relay set at 80% of normal, with ten second time 
delay, is required in addition to the frequency and overvoltage 
relays mentioned above. 


H. CONCLUSIONS 

(1) There is a substantial body of knowledge on the problem of surge 
protection for devices and distribution systems. The undesirable 
effects of voltage surges on converter equipment seem to be well 
known. It is thought that proper surge protection for PV systems 
can be provided based on the existing guidelines and standards for 
the surge protections of systems and appliances. 

(2) Although the phenomenon of resonant overvoltages is well known and 
understood, it is very system-specific. Some preliminary guide- 
lines are available for avoiding such resonances, but they are 
more 'rules of thumb' than specific recommendations. 


2-21 


(3) Some preliminary studies ladicate that the distributed PV system 
will have very little impact on the coordination of protective 
devices on the distribution system. However, th<3 scope of these 
studies was very limited* More analysis is needed to substantiate 
this point of view. 

(4) The protection of the Power Conditioning subsystem itself is an 
important issue; not much has been done vtbout it. In the concep- 
tual design of power conditioners for PV applications (sec Appen^ 
dix B, Bibliography), specifications for protection such as 
under/over voltage, under/over frequency, etc., have been 
provided. However, it is felt that the selection of these protec- 
tive devices should be based on a thorough system analysis of the 
operating environment in an actual utility interactive mode. The 
need to coordinate this protection with the utility is highly im- 
portant. 

(5) Some guidelines are available from the utilities regarding protec- 
tion requirements for dispersed generators. However, these 
guidelines impose only general requirements on the dispersed 
generator for connection to the utility and may not offer total 
protection to it. 


1. RECOMMENDATIONS 

To solve the outstanding issues a plan of action is recommended, which 
is shown in the flow-chart in Figure 2-6. Some efforts have been made or are 
currently being made (by organizations such as DOE, EPRI, etc.) to address the 
various problem areas outlined within this flow-chart. The status of these 
efforts is summarized in Table 2-1. Column I describes the problem area. 
Column II gives the present status with a letter symbol. It also represents a 
worst-case future status if none of the proposed activities ever take place. 
Column III gives an optimistic projection ')f the future status. The future 
status is based on the premise that ill the currently planned and proposed DOE 
(EES 6 PV) studies take place as scheduled. Column IV cites the references 
discussed in the body of the section which are responsible for any change in 
the status of the various problem areas. 
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•THE iTATUS OF THESE ISSUES MIGHT BE UPGRADED IN THE FUTURE, 

Reflecting tasks outlined in a nev; technology i ntegration 

PROGRAM PL/.N BEING DEVELOPED BY DOE/EES AND NOT AVAILABLE 
AT THE TIME OF PUBLICATION. 


Figure 2-6. Proposed Plan of Action to Resolve the "Protection" Issue 
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Table 2-1. Protection: Status of Problem Areas 


Problem Areas 

Present 

Status 

Future 

Status 

Reference 

Numbers 

Assessment of distribution 
protection practices* 

B 

A 

8 

Development of fault analysis 
models for arrays and Power 
Conditioning Subsystem. 

C 

C 

- 

Development of software for 
fault analysis of distribution 
systems with dispersed generation. 

B 

A 

8 

Determination of the swing 
of various operating variables 
during faults with PV connected. 

C 

c 

- 

Determination of the impact 
on re lay/ fuse coordination. 

C 

B 

8 

Selection of proper Power Condi- 
tioning Subsystem protection 

c 

C 

- 

Selection of proper system protection 

c 

B 

8 

A The issue is completely resolved or can be 

when based on available knowledge. 

B Much is known or documented, but the issue 

is not totally resolved. 

C Very little is known or documented. 

D Nothing is known or documented. 

resolved 
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SECTION III 


STABILITY 


A. INTRODUCTION 

Stabilityi in the conventioni-l power system sense, refers to the ability 
of the system to maintain synchronous operation after a disturbance. In the 
control theory sense, it refers to the ability of the control system to direct 
the system to a new desired equilibrium slate following a disturbance or any 
external stimulus. (Note: These are not rigid definitions, but arc used here 
to convev the sense in which stability is being used. For rigid definitions, 
please see Reference 1 and text books on control theory.) 

In the context of the present discussion, stability can bo divided as 
shown in Figure 3-1. Each category is discussed below. 

B. SOURCE STABILITY 


1 . Definition 

Source stability is defined as the ability of an individual PV 
svstem connected to the utility system to maintain operation without largo 
fluctuations in voltage, power, etc., such as might result from improper 
controls. The assumption here is that the PV system power rating is far less 
than the size of the utility. 


2. Risk 

Any such fluctuations in output parameters could cause nuisanct' 
tripping of the PV source following a disturbance. In some cases, it could 
also cause damage to the PV system. 


STABILITY 


SOUKlL stability i^YSThM STAGlLfTY 


DISTKIBUTIC^N S^^LM 
STABILITY 

/ STIAO^STATI \ 
I ANDTRANSILNT/ 

Figure 3-1. Stability Categories 


BULK SY^TIM 
STABILITY 
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3* Discussion 


In all PV systems » it is highly desirable to exVract all the avail- 
able energy out of the array at each instants This implies that the array 
must be operated at its maximum power point (or very near it) based on its 
voltage-current characteristics* This is achieved by a sophisticated control 
scheme that constantly tracks the various operating parameters and adjusts the 
PV system operating point so that the maximum power transfer is obtained* Be- 
sides the maximum power tracker control loop, other control loops, such as the 
one for reactive power control, may be employed within the PV systems* 

It J.S highly important fhat all these control loops operate in a stable 
mode under the wide fluctuations in operating parameters which can be expected 
in a utility interactive operation. These fluctuations could either be array 
specific, such as changes in available insolation, array temperatures, etc*, 
or utility specific, such as changes in voltage, frequency, etc* 

The transfer functions of the various elements of the control loops 
would determine the stability of the PV systems under the wide range of oper- 
ating parameters enumerated above. If the PV systems are found to be unstable 
or marginally stable under certain operating conditions, it may be necessary 
to modify the control systems to achieve a stable operation* 

At this stage, it should be clear that source stability refers to the 
interaction of a single PV system with the rest of the utility system and not 
to the interaction between many PV systems and/or the utility. 


C. DISTRIBUTION SYSTEM STABILITY (BOTH TRANSIENT AND STEADY STATE) 


1. Definition 

Distribution system stability is the ability of the many distributed 
PV systems and other DSGs (such as wind generators, fuel cells, batteries, 
etc.) connected to a single distribution substation to maintain synchronous 
operation under the wide range of disturbances occurring on the system. (See 
Reference 1 for a detailed explanation of transient and steady state 
stability.) The main assumption here is that any disturbance generated (such 
as tripping of a lateral or a feeder) as a result of any undesirable dynamic 
interactions between these various sources is confined to a feeder or a 
distribution substation and does not impact the bulk system. 


2. Risk 

Any undesirable interaction between various PV systems and DSGs 
connected to the same distribution system could cause nuisance tripping at the 
lateral, feeder or substation level causing unnecessary outages to the custo- 
mers. It could also result in damage to customer equipment connected to the 
system. 
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Discussion 


Technology is being developed for other DSGs including wind, 
fuel cells, batteries, cogeneration, low-head hydro, etc* These devices are 
eventually expected to be integrated into the utility system* In fact, some 
of these technologies such as low-head hydro, wind and cogeneration are pro- 
bably ahead of PV in terms of technology and commercial readiness. It is 
probably safe to assume that a future electrical distribution system will have 
a multitude of these sources connected to the system and in many cases, to the 
same distribution feeder* This study was concerned only with specific 
problems with PV integration. However, it is highly important that all the PV 
sources operate reliably in conjunction with the other DSGs on the system* 

As the operating characteristics of these different types of sources 
differ greatly, it is necessary to evaluate the dynamic interaction of the 
various sources with each other and with the utility system. It is quite pos- 
sible that any undesirable interactions between these various sources would 
have a considerable impact on the design of the Power Conditioning Subsystem. 


D* BULK SYSTEM STABILITY (BOTH TRANSIENT AND STEADY STATE) 


1. Definition 

See Reference 1 below. The only disturbances of concern are the 
ones specifically attributable to the PV systems* 


2. Risk 

Any concern with bulk system stability could limit the maximum PV 
penetration on any giv^n utility system* 


3. Discussion 

For a stable system operation, the many synchronous generators 
connected to the system have to operate in mechanical synchronization. Any 
sudden disturbance on the system can cause one of the following end effects: 

(1) The system will settle down to a new equilibrium state 
characterized by a new set of power flows within the aetwork. 

(2) The system will lose synchronization resulting in a chain 
reaction of line trippings and eventual system collapse. 

The present power systems are so designed and operated that it would 
take a severe disturbance (loss of a big generating unit, fault on a loaded 
transmission line, etc.) to render the system unstable. System instability is 
something dreaded by the utilities. It can cause total syster> breakdown 
before any protective action can be taken* The historic blackout in New York 
City is an example* 
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with PV sources connected to the grid, system stability may not be a 
major concern until the PV penetration becomes quite high (5-lOX). At that 
level of penetration, it would probably be more of a concern for large-scale 
central station plants than small-scale distributed systems* The obvious 
reason is that big plants can generate a larger disturbance on the system than 
small scale units* An example of a disturbance is a rapidly passing cloud 
cover which can drive the output power of the affected PV sources to a low 
value very rapidly. This is analogous to the loss of a generating unit in a 
utility with conventional generating sources. The resulting loss of power, if 
large enough in magnitude, could cause stability problems. However, this 
problem is system-specific and may have to be investigated on a one-to-one 
basis* 


E. REFERENCES 


1. "Proposed Terms and Definitions for Power System 
Stability," IEEE Task Force on Terms and Defini- 
tions, Power Systems Engineering Committee, Paper 
#81 Vrl 082-7, lEEE-PES Winter Meeting, Atlanta, 
Georgia, February 1-6, 1981* 


This paper defines terms in pursuing electric utility industry uniform- 
ity and understanding in the analysis of power system stability. Although 
most of the terms are not new, they have been defined precisely* In doing so, 
the historical use of the terminology was considered. 

One interesting suggestion presented was to eliminate the term dynamic 
stability which many referred to as the stability beyond the usual 1-s period 
covering the transient region* The new definition for transient stability is 
not time constrained. 


2* Merrill, W. C., et al , Performance and 

S t ab i 1 ity Analysis of a Photovoltaic Power 
System, Report No. DOE/NASA/ 1022-78/30. 


This is a simulation study of the dynaraic.s associated with a 10-kW PV 
system interconnected to a utility. A detailed model was developed i i all 
components in the system including the inverter and solar arrays. The results 
indicated that, under good insolation conditions, stable operation was 
obtained. However, under low insolation conditions (20 mW/cm^) limit cycle 
operation was encountered in the controls of the inverter. Thus, for 
interconnec ted operation, careful consideration to control parameters end 
fe*»uback design must be shown to prevent undesirable operation* 
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3. Pickrell, Roy L., et al, An Inverter/Controller 
Subsystem Optimized for Photovoltaic Applications < 
Proceedings of the Thirteenth IEEE PV Specialists 
Conference I pp. 984-991, 1978. 


This study shows the development and analysis for a force commutated 
converter designed exclusively for a PV/utility application. The requirements 
were threefold: 

(1) A power system controller that can continuously control the solar 
array operating point at the maximum power level based on variable 
solar insolation and c^;ll temperature. 

(2) An inverter that can operate at high efficiency at rated load and 
yet have low losses at light loading conditions* 

(3) An inverter that operates (at a level designated by the power 
system controller) when connected to the utility. 

The simulation of the entire system showed good operating characteris- 
tics. Yet, at low insolation values, limit cycle operation appeared as in the 
previous study. 

It seems that care must be taken in the design of the controllers used 
to avoid this unwanted problem. 


4. Beck, et al, **A Computer Study of Battery 
Energy Storage and Power Conversion,** I EEE 
Transactions on Power Apparatus and Systems , 
July/August 1976. 


5. Fairchild, B. T., et al, **Hybrid Simulation 
of Fuel Cell Power Conversion Systems,** IEEE 
Transactions on Power Apparatus and Systems , 
pp. 1329-1336, July/August 1977. 


These two papers were combined because they deal with similar subjects 
in a similar manner. The studies use the hybrid computer to program the 
detailed models of the devices to be analyzed end run transient studies. The 
papers analyze force commutated and line commutated converters. 

For force commutated converters, there is dc current limitation due to 
the inherent characteristics of the inverter. Also, since there was no power 
factor control, reactive power compensation is required. Finally, under 
utility disturbances, large dc current transients were encountered. 
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For line commutated converters, there was a dc current runaway condition 
following ac faults* This was caused by the low internal impedance of the 
voltage source* The study noted the need for a dc interruption device, and 
the need for reactive power compensation* However, outside of the fault 
condition, the line commutated converter was fairly insensitive to utility 
disturbances* Thus, the line coimnutated converter was recommended for large 
battery and energy storage installations. 


6 * Impact of Storm Fronts on Utilities with Wind Energy 
Conversion Systems (WECS) Arrays , Michigan State 
University, Report No. COO/4450-79/2* 


This study is a good step in understanding the difficulties a utility 
has with a large penetration of intermittent sources. The study presents the 
results from two types of farms: (1) coastal: a broad, shallow field, 

usually only a couple of rows deep; and (2) midwestern: a square farm* The 

coastal farm will have larger transients during storm fronts because more 
generators are affected at any given point in time* The midwestern farm has a 
more staircase nature from the fewer number of generators affected. 

Under the conditions studied, the coastal farm caused the Automatic 
Generation Control (AGC) System to saturate, thus allowing a large disturbance 
in the frequency* In all, a 7.5% change in generation was required within 10 
min* 


For the midwestern farm, the staircase nature of the WECS output caused 
cycling of the nuclear plants. This is a highly undesirable mode. Because 
the nuclear units are designed as base load units and not cycling units, their 
efficiency falls off as a cycling plant* 


7* Ewart, Donald N., and Schultz, Richard P., **Use of Digital 
Computer Simulations zo Assess Long-Term Power System 
Dynamic Response,** IEEE Transactions on Power Apparatus and 
Systems , Vol. PAS-94, No. 3, May/June 1975. 


This paper describes the use of typical long-term dynamic codes to show 
the effects of controls. It also shows the benefits of event simulation: 
what occurred, when, and why. Such tools are needed to study the dynamic 
interaction between PV systems and the rest of the utility* 


Photovoltaic Transient Analysis Program , BDM 
Corporation, Report No. SAND 78-7083, Sandia 
National Lab. 
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This program allows the user to specify the type of array and peripheral 
equipment to be studied^ It has detailed models for the PV array, allowing 
for parallel and series connections; for the solar cells, using the Ebers-Moll 
model; and heat transfer characteristics. Unfortunately, very little detail 
is shown in the inverter, its controls, or the other auxiliary equipment on 
site. 


Once the models have been constructed, the user can perform steady- 
state, transient, and small excursion ac analysis. 


9. Statement of Work for Dynamic Simulation of 
Dispersed, Grid-Connected Photovoltaic Power 
Systems, 62-4092, Sandia National Lab, December 
1980. 


The basic objective of this RFP is to study the dynamic interaction of 
distributed PV systems with the electric utility grid. The primary emphasis 
of the study is the behavior of PV systems at the utility interface. The 
study purpose is not to model system disturbances such as lightning and 
switching surf^es and the resulting behavior in the microsecond time domain. 
Neither is the purpose to model electrical dynamics for longer than several 
seconds. 

There are four basic tasks ennumerated in the Statement of Work. They 
are as described below: 

(1) Task I: PV System Model Development. This task will develop the 

appropriate dynamic electrical models for a set of representative 
PV systems. The typical sizes of power conditioning equipment to 
be modeled are 5 kW, 240 V single-phase, 10 kW, 240 V single- 
phase, and up to 250 kW, 480 V three-phase. These could include 
sel f -commutated and line-commutated as well as advanced control 
techniques such as high frequency conversion and ferroresonant 
transformer control. 

(2) Task II: Distribution System Simulation. After the PV system 

models have been developed for Task I, each PV system will be 
simulated on representative distribution systems. Not only will 
each PV system be modeled on several distribution circuits, but 
several types of PV systems will be modeled simultaneously on the 
circuits. The dynamic simulation would include both low and high 
PV system penetrations in the distribution circuit, such as 0-10% 
at the feeder, 0-25% at the primary distribution substation, and 
O-IOOS at the secondary distribution system. 

(3) Task III: Transmission System Simulation. Task III will involve 

extrapolation from the individual models described in Task I and 
the distribution network simulation performed in Task II* This 
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will represent the collective effect of significant penetrations of 
PV systems on the dynamic stability of the utility generation and 
transmissions systems. 

(4) Task IV: Interpretation of Simulations. This task will summarize 

the findings from the other tasks and provide a physical description 
of the nature and intent of anticipated problems. It is also 
intended to provide recommendations for circuit modification and 
control system changes to overcome any problems. Also, it would 
identify the percentage of PV penetration where problems begin to 
appear for various inverter models in the dynamic interaction with 
the electrical utility grid. 

There is a major question on whether the proposed study can achieve all 
its objectives within the resources allotted. However, it is an important 
step to better understand the dynamic interaction between the PV system and 
the utility grid. 


10. Interaction Between an OTEC Power Plant and a Power 
Grid, Ongoing DOE/EES Contract with ERDI (Energy 
Research and Development International). 


This study investigates the interaction of an OTEC power plant with the 
Puerto Rico Electric Power Authority electrical power system. The project 
would develop suitable OTEC models for both steady-state and dynamic analysis 
and use standard computer codes to perform analysis* 


F. STANDARDS/GUIDELINES 

None exist on this particular issue. 


G. CONCLUSIONS 

(1) Although the problem of bulk system stability is well understood, 
very little is known about the stability problems of disper? - d PV 
systems. Some initial studies with individual PV systems show 
that stability problems might develop. 

(2) Little is known about the dynamic interaction of many PV systems 
with each other and with the utility system. Because future 
distribution systems might also contain other DSG, the dynamic 
interaction of dispersed PV systems and DSG also must be 
determined, 

(3) Techniques to determine bulk-system stability are well 
established. Some modifications may be needed to study the 
dynamic impact of PV systems on bulk-system operation. 
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RECOMMENDATIONS 


Figure 3-2 presents a recommended plan of action, 
for the resolution of the various problem areas. Table 
of the various areas. 


in flow chart form, 
3--1 gives the status 


DtVtLOP DYNAMIC MODELS FOR 
VARIOUS TYPES OF PV SYSTEMS 


PRESENT/FUTURE STATUS 



develop dynamic performance 

MODELS FOR VARIOUS DSGs EXPECTED 
TO BE INTEGRATED WITH 
DISTRIBUTION SYSTEM 

i_:. 1. 


OtVtLOP DYNAMIC 
ANALYSIS TECHNIQUtS 



StUCT KLPKlSLNTATIVt DISTKIBUTION 
SYSTEMS, UVILS OF Pt NITRATION 
AND VARIOUS DSG SCtNARIOS 



CARRY OUT DYNAMIC ANALYSIS OF A 
SINGH PV SYSUM CONNECTED TO 
UTILITY AND OTHtR SCLNAKIOS 





IvijEuve i-2 


I'l ('w-Ctiart Slu'visi:; .t Rt*rom!!U'iul«.‘u Plan ot 

Act ion lo Uusiolv'o Lho "StabiliLv" lusue 




Table 3-K Stability: Status of Problem Areas 



Present 

Future 

Reference 

Problem Areas 

Status 

Status 

Numbers 

Dynamic Models of PV Systems 

C 

A 

9 

Dynamic Models of DSGs 

C 

B 

9,10« 

Dynamic Analysis Techniques 

C 

A 

9 

Impact on PV Control System 

D 

B 

9 


^DOE also has many ongoing research activities in the area of wind system 
modeling* 

A The issue is completely resolved or can be resolved when based on 
available knowledge* 

B Much is known or documented , but the issue is not totally resolved* 
C Very little is known or documented* 

D Nothing is known or documented* 
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SECTION IV 


SYSTEM UNBALANCES 


A, INTRODUCTION 

1* Definition 

System unbalance is defined as the unbalance generated in system 
voltages and currents due to unequal loading in the various phases caused by- 
single phase PV systems* 


2. Risk 

Excessive unbalance can cause problems wit’ system operation, 
component overheating, and nuisance flipping of protective devices. It may, 
therefore, lir.it the maximum allowable size of single-phase PV systems and 
also the level of penetration on a distribution feeder* 


3. Discussion 

Almo.st all residential PV systems are expected tc be single-phase 
systems. Any unequal distribution of the sources on the throe phases will 
result in unbalanced system operation (unequal voltages and currents in the 
three phases). Some of the undesirable effects of unbalanced system operation 
are overheating of system components, incorrect operation of voltage 
regulation equipment, propagation of triplet (frequency multiples of 3) 
harmonics on the lines which otherwise would be cancelled out in a balanced 
operation, nuisance tripping of protective devices (see Appendix C for utility 
practices), and excessive negative sequence voltage which would cause motor 
overheating. With PV sources connected to the system it may be quite hard ‘O 
avoid unbalance, unless there was a uniform physical distribution of PV 
sources in the system and all the sources were generally of the same size* A 
nearly balanced operation is achieved on current distribution systems by 
equally distributing the homes on the various phases because the diversified 
load demands of homes in a particular neighborhood are almost identical* 


B. REFERENCES 


1 • IFEK Recommended Practice for Electric Power Distribution 
for Industrial Plants, IEEE Std 141-1^^ (Red Book)* 


Chapter 3 of this IEEE standard deals with phase unbalance caused on 
four~wi re utility primary distribution systems due to single phase 
distribution. 
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The simplest method of expressing the phase voltage unbalance is 
measure the voltage in each of the three phases: 


to 




Phase voltage unbalance 


maximum deviation from 
average phase voltage 
average phase voltage 


The amount of voltage unbalance is better expressed in symmetrical 
component form as: 


Voltage unbalance factor 


n egative sequence voltage 
positive sequence voltage 


When unbalanced phase voltages are applied to three-phase motors, the 
phase voltage unbalance causes additional negative-sequence currents to 
circulate in the motor, increasing the heat losses in the rotor* 

Table 4-1 shows the increased temperature rise which occurs for 
specified values of phase voltage unbalance for U-frame and T-frame motors* 

The table indicates that, where the phase voltage unbalance exceeds 2 
percent • the motor is likely to become overheated if it is operating close to 
full load. 


Some electronic equipment, for example, computers, may also be affected 
by phase voltage unbalance of 2 or 2 1/2 percent* The general recommendation 
is that single-phase loads should not be connected to three-phase circuits 
supplying equipment sensitive to phase-voltage unbalanccc A separate circuit 
should be used to supply this equipment* 


Table 4-1. Increased Temperature Rise of Motors Under Phase 
Voltage Unbalance 


Motor Type 

load 

Percent 
Vol tage 
Unbalance 

Percent 

Added 

Heating 

Insulation 

System 

Class 

Tempera ture 
Rise (^C) 

U-Frame 

Rated 

G 

0 

A 

60 


Ra t»*d 


8 

A 

65 


Rated 

3 1/2 

25 

A 

75 

T-Frome 

Rated 

0 

0 

B 

80 


Rated 

2 

8 

B 

86.4 


Rated 

3 1/2 

n t 

B 

100 
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2, Electric Utility Engineering Reference Book , 

Vol, 3, Distribution Systems, Westinghouse Electric 
Corporation* 


Chapter 2 of this book describes some equations to determine voltage 
unbalance factor in three-phase circuits* 


The voltage unbalance in a three-phase, three wire system in which the 
zero sequence voltages are zero is given by: 



2 ^ v2 ^ 2 

a + b + c ^ 

s(s-a) (s-b) (s-c)"l 

6 ^ 

3 ___ _J 

2 ^2 2 
a + b + c 

s(s-a) (s-b) (8-c)| 

6 ^ ^ 

L 3 J 


1/2 

1/2 


where 

V2 

Vl 

a, b, c 


negative sequerxe voltage 
positive sequence voltage 

the absolute values of respective line-to-line rms voltages 
and 


^ _ a + b + c 
b 2 

The unbalance in voltages to neutral of a single-phase, three-wire 
system is usually given as the difference in line-to-neutral voltage. This is 
given by the following equations: 


Single-phase voltage unbalance 





where 

^IN ^2N ” voltages to neutral of lines 1 and 2, respectively 


V 
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normal rms line-to-line voltage 


C. GUIDELINES/STANDARDS 

Other than the guidelines outlined in Reference 1 above, no other 
guideline or standard could be identified. 
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D. CONCLUSIONS 

(1) The effect of voltage unbalance on electrical aotors (induction) 
seeiia to be well documented. The limit on phase voltage unbalance 
is about 2X. 

(2) Not much literature can be found on the effects of unbalance on 
other three phase appliances and equipment. 

(3) The procedure to calculate voltage and current unbalance in a 
system (symmetrical components) is well established. However, the 
inputs needed (voltages, currents, impedances etc.) siay be hard to 
obtain. 


E. RECOMMENDATIONS 

The recoomiended plsn of action for resolving this issue is presented in 
Figure 4-1. The status of the various problem areas is presented in Table 4-2. 


Table 4-2. System Unbalance: Status of Problem Areas 


Problem Area 

Present 

Status 

Future 

Status 

Reference 

Numbers 

Determine limits on 
unbalance factors 

C 

c 

- 

Develop steady state 
models of PV systems 

B 

B 

- 

Distribution load-flow software 

B 

A 

- 

Assesc impacts of unbalanced 
system operation on PV systems 

D 

D 


A The issue is completely resolved 

available knowledge. 

or can be 

resolved 

when based on 

B Much is kno%m or documented, but the issue 

C Very little is known or documented. 

D Nothing is known or documented. 

is not totally resolved. 
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PRESENT/FUTURE STATUS 






Figure 4-1. Flow-Chart Describing Recommended Plan 
of Action for 'System Unbalances* 
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SECTION V 


VOLTAGE REGULATION AND REACTIVE COMPENSATION 


A. INTRODUCTION 

1. Definition 

This definition includes proper Baintenence of the voltage at the 
customer's terminals within an acceptable band with PV systems connected while 
also maintaining the flow of reactive power within limits* <* 


2. Risk 

If the utilities face problems in maintaining proper voltage at the 
customer's terminals and need to modify the systems, the costs of doing so may 
directly be passed on to the otmers of the PV systems* 


3* Discussion 

Historically, the distribution systems were designed for one-way 
flow of electrical power; from the distribution substation to the load via the 
distribution feeder, lateral, distribution transformer, secondaries, and the 
customer's service line* 

One of the most important operating considerations is that the voltage 
at the customer's terminals throughout the system should be maintained within 
specified limits irrespective of the magnitude of the load* The logical primary 
feeder design to permit maxianim loading and area coverage is to assign the maxi- 
mum limit (e*g*, 125 V) to the customer nearest, electrically, to the source 
(distribution substation) and the lotrest limit to the customer farthest from 
the substation. Figure S-1 is a single-line diagram of a residential feeder 
showing feeder components and location of first and last customer. To ensure 
that these voltage limits are swintained, there are many methods of regulating 
the voltage such as load tap changing transformers (LTCs), induction and step 
regulators and switched capacitors (both shunt and series). All of these 
methods control or affect the flow of reactive power over the system. 


When PV systems, ho«rever, are connected to the utility distribution 
system, the problem of proper voltage regulation is complicated because: 


(1) In the present day distribution systesu with the flow of power in 
one direction only, it is anich easier to ensure that the above 
conditions are met. It is quite simple to analyse the one-way 
power flow on a radial distribution system to determine the 
voltage levels an I^R losses within the system* With 
distributed PV sources on the system, such an analysis could 
become quite complicated. With reference to Figure S-1, one can 
no longer assign the maximum allowable voltage limit (125 V) to 
the customer electrically nearest to the source. The obvious 
solution is that the power flow analysis would have to be done by 
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SueSTATtON BUS 


3 PHASE 
PRIMARY 



Figure 5-1. Residential Feeder Showing Feeder Conpooents and Location of 
First and Last Custoffler 


using coaputer codes like the ones the utilities use for the 
analysis of their transmission systems. Better models would need 
to be developed for the PV systems* voltage regulators* and the 
loads. 

(2) Line-comonitated rcnverters operate at lagging power factors. In 
other words* tn«.y draw reactive volt amperes (VARs) from the 
system. The utility system must be in a position to supply the 
additional VARs besides the VARs needed to satisfy the load 
requirements. Because most of the real power demand of the loads 
is aiet by the PV systems* the utility system is left with 
supplying large amounts of reactive potrer* but very little .^al 
power during high insolation levels. Thus* the ratio of VARs to 
real power (watts) seen by the voltage regulator at the 
distribution substation could be fairly high. This* in turn, 
could have an adverse effect on the voltage regulation on the 
system besides causing sosie secondary concerns such as higher 
I^R losses* overloading of system components* etc. This problem 
could be alleviated by using power-factor correction capacitors. 
Unless switched capacitors are employed* which can be switched off 
during low insolation conditions* overvoltages might be experienced 
on the system. A self-commutated inverter can be operated at a 
unity power factor or possibly even a leading power factor. At 
this stage* however, it is not clear that a unity power factor 
converter is the answer because the ratio of VARs to watts at the 
substation would still be rather high. A possible alternative 
could be an inverter which could regulate its reactive power 
output (a variable reactive source) depending upon the system 
requirements. 
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(3) Because the inverters operate under non-ainusoidal conditions, one 
cannot talk about VARs in the conventional utility sense. As yet, 
no standard exists for defining VARs under non-sinusoidal 
conditions. The IEEE guidelines (see Reference 9) do recommend a 
definition of power factor under non-sinusoidal conditions. 
However, various other authors have come up with different 
definitions (see References 7 and 8). The implications of these 
various definitions must be studied. 


B. REFERENCES 


1. Study of Dispersed Small Wind Systems Interconnected 
with a Utility Distribution System , Interim Report by 
Systems Control Inc. for Department of Energy Contract 
#DE-AC-04-76DP03533 . 


The study conclusion on voltage regulation is that, as the penetration 
cf small wind systems increases their output at rated wind speed, it tends to 
increase the voltage profile. This raises the feeder's minimum and maximum 
points. Also, small, voltage-dependent wind systems lower the substation 
power factor while simultaneously increasing the voltage profile. Given this 
situation, the general conclusion about voltage regulation and line losses is 
that dispersed small wind systems do not present serious problems in regula- 
tion nf feeder voltage and do not require additional shunt capacitor compen- 
sation. 


Utilities will not have serious voltage regulation problems because: 

(1) The addition of small wind systems to a feeder will not occur 
suddenly; rather wind-turbine generators will be installed in 
small capacities throughout the utility's system. If, by chance, 
many are added to a particular feeder, the voltage profile will 
change gradually. 

(2) Utilities adjust voltage regulation equipment for normal load 
growth. Wind-turbine generators added to a feeder will influence 
this normal adjustment procedure only slightly. 

Adding shunt capacitor compensation to reduce the line losses because of 
the presence of small wind systems may be difficult to justify for two reasons 
(1) the increase in line losses is small even though the substation power 
factor is considerably lower than the peak load base case of no wind-turbine 
generators, and (2) the increase in line losses at the lowered power factor 
occurs only when the wind-turbine generators are producing power. As a 
result, the output from the wind-turbine generators and switching of capa- 
citors would have to be coordinated. However, the extra expense for designing 
and installing capacitors to recover losses that occur only when the wind- 
turbine generators operate may not be cost-effective. 
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The voltage profile analyeis coapleted so far doea not include Che 
combinations of light feeder load and higher power output for various pene- 
trations of small wind systems. Nor does it include an examination of peak 
load with various penetrations of small wind systems operating near cut-in 
wind speed id.en the wind-turbine generators have very low power factors. 
Analyses of these additional cases suiy change the general conclusion. 

Based purely on the conclusions of this studyi if dispersed wind systems 
do not pose a problem for voltage regulation (up to SOX) penetration on a 
feeder* it is hard to imagine that PV systems would behave any differently. 


2. Assessment of Distributed Photovoltaic Electric Power 
Systems* Pinal Report by JBF Scientific for EPRI Pro- 
ject RP 1192-1* July 1980. 


(For a detailed introduction and development of the methodology* see 

Reference 4* Section 2-5.) 

Power-flow analyses were made* aided by a load-flow computer program. 

The assessaients were performed as follows. The load-flow program was run on a 
base-case T&D neCtfork without phoCovoltaics. Then* phoCovoltaics were added 
to the network and the load-flow was rerun. The changes in line and trans- 
former loadings were used to assess Che power flows caused by the phoCovol- 
taics. This process was repeated at several levels of PV penetration. 

The program was also used Co provide voltage levels at all designated 
buses. Bus voltages were assessed before and after the introduction of PV 
systems. 

The initial findings of this study indicate that large backflows from 
distributed PV installations interfere with the operation of voltage 
regulators and LTC controls under light loading conditions. One possible 
remedy was Co limit PV penetration to less than 30Z for the different cases 
examined. It was also found that reactive power requirements from some 
distributed PV systems (using line-commutated inverters) tend to increase 
voltage drop. The reconsiendation is to require PV installations to have power 
factors in excess of 0.9. 

The thrust of Che study is more an economic analysis chan a technical 
analysis. However* it does provide some interesting insight into the problems 
that could be expected with distributed PV systems. 


3. Stratford* R.P.* and Steeper* D.E.* “Reactive Compensation 
and Harmonic Suppression for Industrial Potrer Systems*" 

IEEE Transactions on Industry Application , Vol. lA-12* No. 3, 
pp. 232-254* Nay /June 1976. 


This paper discusses the problens and solutions in applying reactive 
coBipensation, either static or dynanic, to industrial power systems supplying 
large blocks of dc power from diode or thyristor converters. However, the 
resonance between power capacitors and system reactance can produce high 
harmonic voltages. The use of filters to minimise the interaction between 
these harmonic voltages and the regulating system is discussed. 

The economics of reactive power compensation is discussed. Reactive 
volt amperes from the utility cost from $0.15 to 0.30 per kVAR month. At 
these rates, it is economical to install power capacitors to furnish on-site 
reactive power because, as the author contends, the investment can be paid off 
within 9-18 months. The economics of using capacitors versus other devices 
(such as synchronous motors, static VAR control, regulating transformers, 
etc.) is also discussed. 


4. Fernandes, Happ, and Wirgau, "Optisul Reactive Power 
Flow for Improved Systems Operations," Electrical 
Power and Energy Systems , Vol. 2, No. 3, July 1980. 


The utilization and coordination of reactive sources and other voltage 
control equipment in system operations are discussed. The reactive sources 
studied are generators, synchronous condensers, switched static capacitors and 
shunt reactors, and transformers with and without load-tap changing 
capabilities. The benefits derived from the method presented include savings 
in fuel production costs, unloading of system equipment, improved system 
security, and improved voltages over the system. 


5. Boyle, John, "VAR Control: Leading and Lagging Power 

Factor," paper presented to the American Public Power 
Association (APPA) Annual Meeting, February 1980. 


The paper presents the problems associated with poor VAR control. The 
blackouts of New York, Jacksonville, and France are prime examples of the 
result. 


The paper addresses the bulk level, but the author does state that fixed 
capacitors cannot be used in the distribution system because they might cause 
high voltages under lightly loaded conditions. 


6. Preiss, and Harnock, "Impact of Voltage Reduction on 
Energy and Demand," paper presented at the IEEE PES 
Winter Power Meeting, New York, January 1978. 
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This paper reports the results of an experiaental investigation of the 
impact of voltage reduction on the energy and demand levels of the American 
Electric Power System* 

Many utilities are considering voltage reduction as a means of load 
management. With PV systems connected to the grid» it may not be as easy for 
the utilities to regulate voltage at their will. This should be an important 
conaideration when designing the voltage regulation equipment for PV systems. 


7. KusterS) H. L.t and Moore, W. J. M., "On the Definition 
of Reactive Power Under Non^Sinusoidal Conditions," 
#F79621-4, presented at the lEBE-PES Summer Meeting, 
Vancouver, BC, July 15-20, 1979. 


A new method of defining reactive power under non-sinusoidal conditions 
is proposed. This consists of subdividing the current into three components: 

(1) those with the same waveform as the current in a resistance, (2) those 
with the sane waveform and phase as that of a current in an inductor or 
capacitor and, (3) into a residual component. Essentially, taking the voltage 
as the reference, this divides the current into: 

(1) An active current component %ihich has the same waveform and phase 
as the voltage (and thus, the same waveform and phase as the 
current in a resistor with the same voltage across it). 

(2) An inductive reactive current component which has the same 
waveform and phase as the current in an inductor with the same 
voltage across it, or a capacitive reactive current component 
which has the saaie waveform and phase as the current in a 
capacitor with the same voltage across it. 

(3) A residual reactive current component, either inductive or 
capacitive, is that which remains of the total current after the 
active and the respective inductive or capacitive reactive current 
components have been extracted. 

An instruoient for subdividing and measuring each current component and 
its corresponding power is described. The method permits the power system 
operator to determine if the possibility exists to improve the power factor by 
a shunt capacitance or an inductance and to easily identify the proper value 
required to realize the maximum benefit. 


8. Shepperd, W. , et al, "Power Factor Correction in 

Mon-Sinusoidal Systems by the Use of a Capacitance," 
Applied Physics . Vol. 6, p. 1850, 1973. 
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The apparent voltamperea into a non-ainuaoidal circuit can be considered 
as the resultant of three hypothetical components known as the active volt** 
amperes Sgt the true reactive Voltamperea S,|t and the apparent distortion 
voltamperes S. In systems with non**sinusoidal voltage , the active volt- 
amperes Sg differs from the average power P* and the true reactive voltamperes 

n 

S. differs from the quantity, Q ■ I ain^ , frequently quoted in the 

literature. 1 n n n 

The reactive voltamperes of an inductive load can only be completely 
coiapensated by capacitance to give a unity power factor when the load 
impedance is linear and the voltage is sinusoidal. If the load impedance is 
nonlinear, the load voltage ..s non-sinusoidal or both. Some improvement of 
power factor may be realizable by capacitance compensation, but the highest 
power factor achievable is less than unity. 

Formulas are developed to give the maximum power factor and the minimum 
reactive voltamperes achievable by capacitance compensation. The optimum 
value of capacitance to give maxiioum power factor operation is defined for the 
cases of non-sinusoidal voltage supplying a nonlinear load, non-sinusoidal 
voltage supplying a linear load, and sinusoidal voltage supplying a nonlinear 
load. 


9. IEEE Guide for Harmonic Control and Reactive Compensation 
of Static Power Converters, IEEE Project #519, July 1979. 


This guideline defines the converter power factor as two components: 

(1) displacement and, (2) distortion. The effects of these two components are 
combined into the total power factor. 

The displacement component is the ratio of the active power of the 
fundamental wave in watts to the apparent power of the fundamental wave in 
voltastperes. This is the power factor in watt-hour and VAR-hour meters used 
in utility metering. 

The distortion power factor is the ratio of the fundamental component of 
ac line current to the total line current. 

The guideline further discusses ways of reducing reactive power require- 
ments of static converters by limiting phase control, lowering reactance of 
converter transformers and sequential converter control, etc. It also dis- 
cusser methods of reactive compensation such as capacitors and static VAR 
control. Methods of reducing possibility of resonances are also discussed. 


10. Impact of Dispersed Solar and Wind Systems on Electric 
Distribution Planning and Operations , Final Report, SCI 
for Oak Ridge National Lab, Report ^ ORNL-SUB-7662-l, 
February 1981. 
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This study exaained th« affects of dispersed solar photovoltaics and 
wind systems on distribution system operation. The findings regarding impacts 
on voltage regulation are sumsarised below. 

When dispersed sources produce power^ their output changes the feeder's 
voltage profile. Voltage source generators (such as forced-commutated 
Inverter systems and synchronous generstors) produce their own reactive power 
and tend to increase the voltage at the point of connection by reducing the 
load. Voltage'slependent sources such ss line-commutated inverter systesm and 
induction generators draw reactive power to produce real power output. They 
also tend to increase the voltagey but to a lesser extent than voltage-source 
generators . 

In general, as the penetration of dispersed sources increases along a 
feeder, the minimum and maximum voltage points on the feeder increase. This 
happens irrespective of the generator type, i.e., voltage sources or voltage 
dependent. For low penetrations, 5 and 20Z, the increased voltage profile 
does not exceed the utility's smximum voltage criteria. However, higher 
penetrations cause the siaximum voltage criteria to be exceeded. 

In all cases examined, the dispersed generators narrotred the range 
between the feeder's minimum and auxiaxim voltage points. This is caused by 
the high resistance characteristics of the distribution feeder. As load is 
reduced by the output of the dispersed generators, the real current is reduced, 
significantly increasing the voltage. The effect is seen clearly when com- 
paring the synchronous generator and the induction generator cases. Although 
Che induction generator increases the reactive current, there is very little 
difference between the two volsape profiles. 

The assertion, smde in the study, that distribution feeders exhibit high 
resistance characteristics is not totally correct. This may be true for 
underground feeders, but is certainly not valid for overhead distribution 
feeders where line reactance predominates over line resistance. 


C. GUIDELINES/STAHOARDS 


1. Voltage Ratings for Electric Power System and Equipeient 

(60 HZ) , AHSIC84. 1-1970, including Supplement C84. la-1973. 


This guideline gives standard voltage ratings used in electric 
power system and equipment applications. 


2. Tennessee Valley Authority Proposed Policy on Dispersed 
Power Production and Interim Program and Guidelines for 
Implementation , Federal Register, Vol. 45, No. 234, 
Deceiver 3, 1980. 
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The guidelines regarding reactive poirar generation and voltage 
regulation are: 

(1) The operation of the production facility shall not produce 
excessive reactive power during offpeak conditions nor consune 
excessive reactive power during onpeak conditions. 

(2) The owner shall provide necessary voltage regulation equipsMnt to 
prevent the production facility froa causing excessive voltage 
variation on the connecting electric systea. The voltage 
variation caused by the production facility aust be within ranges 
capable of being handled by the voltage regulation facilities used 
by the connecting electric systea. 

(3) The voltage surges caused by the operation) synchronisation) or 
isolation of the production facility shall be within the standards 
of frequency of occurrence and aagnitude established by the 
connecting electric systea to prevent undue voltage flicker on the 
connecting electric systea. 

The ranges of reactive power consuaption/generation and the voltage 
variations are not specified at all. 


3. Interconnection Facility and Facilities for Operatios 
in Parallel. Aacrican Public Power Association (APPiO . 
Final Report) Septenber 12, 1980. 


(For specific detaila, see Reference 6 under Guidelines in Section II-G) 


Regarding reactive power generation/conf>uaiption by the QF, the study 
presents the following alternative solutions for deteraining a power factor 
standard. Each alternative includes the assumptions upon which the solution 
is based. 


(1) Ignore the situation. This alternative assuaes that the nuaber 
and sise of QFs will have a negligible isqiact on the utility's 
distribution system* 

(2) Require that the net power factor of the QF generation and load 
aeet present utility power factor rules applicable to other 
customers. For exsaple, a typical utility requirement is that the 
customer's power factor equal or exceed 0.85 at all tiaes. This 
alternative treats the QF as a load. The effect of this alter- 
native is that the QF customer will be required to provide some, 
if iwt all) of the reactive requireaents* 

(3) Require that the net power factor of the QF generation and load be 
unity (1.0). This alternative essentially treats the QF as an 


intcrconiMcttd utility with u powur factor obligatioo aiailar to 
that included in intarconnaction agraaaants batwaan utilitiaa. In 
this caaai all tha (^'a raactiva raquiraaanta would hava to ba 
aalf f anaratad . 

(4) Raquira that tha pou a r factor of tha Qf (anarator (alona) waata or 
axcaada aoaM apacific atandard auch aa 0.85. Thia altamativa 
traata tha QP ganaration indapandant of tha load connactad to tha 
QP. Tha ainiauB power factor choaan to apply to QP ganaration 
«dll depend upon tha expected affect of tha raactiva raquiraaanta 
of each QP generator and tha conbinad effect of all QPa on both 
utility aystaa operation and coat. In conjunction with thia 
particular altamativa, tha utility way aiao chooaa to apply ita 
cuatonary power factor atandard to tha load of tha QP ayataai. 

Relative to all preceding alternative aolutiona, tha utility will 
have to aaka aoaa daciaiona regarding watering to wonitor Cp power 
factora/VARa. Thaaa daciaiona involve tha following alternative 
watering factorat 

(a) Power factor va. VARa. 

(b) VARa va. VARh. 

(c) Maxianiw va* tiwe~of*day va* average. 

(d) QP ganaration VARa va* net VARa of tha QF ganaration and 
load. 

(a) Sawpling va* continuoua wonitoring* 

The charactcriatica of individual utilitiaa are too vari^^d to racoanand 
a particular alternative that would ba appropriate for all u.^iitiaa. Therefore, 
each utility ahould develop ita own power factor atandard(a) applicable to QPa. 

In the proceaa of doing ao, each utility ahould evaluate ita: (1) syatew needa, 

(2) ratea and other proviaiona developed for application to the QF, 4 ad (3) 
aaauwptiona on the ouwber and type of QPa expected. 

Regarding voltage regulation it ia recoMMnded that each QP applying for 
aervice be required to provide a reaaonabla eatiwate of ita load without 
generation, and the capacity, type, and oparatiug characteriatisa of the QP. 

If, under any circuawtancea unacceptable voltage regulation, aa defined 
by the utility, ia expected to occur or doea occur apecifically becauae of the 
QF, the QF ahould be diaconnected, or not allowed to be connected, until the 
unacceptable voltage ia corrected* 

Utility rulea and regulationa ahould ba changed or expanded, aa 
neceasary, to require voltage regulation by QPa within liwita acceptable to 
the utility. 
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4. 8«n Ditto C«s k Bl»jctrtc Cowpanyt Prof ct too and 

OpT«ti^ Ouidtliyn for CoB«a«riitor» <nd 8—iT*PowT 
P^ucT>i Pr«li«inTy Dmk «ub«itfd to CaliforoU POC« 


The «xc«rptt trem this drxft pcrcainlng to voltogo rogulaeioa aret 

(1) Tha euatoMr ahould Mintaio hia povar factor within a raaaonabla 
ranga. For cmII ganaratora, powar factor correction ia not 
dasirabla. 

(2) Voltage regulation aquipnent will be required on tha cuatoa^r'a 
generator to aaintain sarrica voltage within norwal utility 
linita. If hi^ or low voltage coaplainta or flicker cowplainta 
raault frooi operation of the t^uatoaar'a ganaration» auch generating 
equipoent ahall be diaconnected until the problew ia reaolved* 


D. C0NCLU8I0H8 

(1) No atandard definition exiata for the definition of power factor 
(or reactive power) under non~^ainuaoidal conditiona* 

(2) For convertera operating at lagging power factora, it nay be wore 
econoaical to correct the power factor uaing capacitora than 
having the utility aupply VARa 44d charge for it. However, uaiug 
capacitora on the ayatea can cauae undeairable interaction with 
haraonica (ayatea reaonancea). 

(3) Initial atudy of diaperacd generation haa ahown that the iapact on 
voltage regulation ia quite noainal unleaa the penetration geta 
quite high (around 502). However, reverae power flowa and changea 
in power factor can cauae probleaa with proper operation of 
voltage regulatora. 

(4) Utility guidelinea atudied did not apecify any band within which 
the disperaed generator (PV ayatea, for example) had to regulate 
ita voltaqe. 


E. RECOMMEN04TIOHS 

Figure 5-2 ahowa, in flow chart fora, the recoaaended plen of action for 
the reaolution of the varioua iaauea. Soae of the boxea are the aaae aa onea 
ahown in Figure 4-1 becauae each deala with baaic ateady atate aodela end 
aoftware* The atatua of the major problem areaa ia ahown in Table 5-1. 
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PRESENT/FUTURE STATUS 



ARE VOLTAGE LEVELS, 
POWER FLOWS, ETC 

OK? ^ 


MODIFY 

OPTIONS 


ASSESS THE MODIFICATIONS NEEDED IN THE 
POWER CONDITIONING SU5SYSTEM OR THE 
UTLITY DISTRIBUTION SYS1EM ANC 
TRANSLATE INTO $AW OF PCU RATING 



•THE STAV'S OF THESE ISSUES MIGHT BE UPGRADED IN THE FUTURE, 
REFLECTING TASKS OUTLINED IN A NEW TECHNOLOGY INTEGRATION 
PROGRAM PLAN BEING DEVELOPED BY DOE/EES AND NOT AVAILABLE 
AT Th6 TIME PIJBLICATION. 


Figure 5-2. Flow Chart Showing Recoarended Plan of Action 
to Resolve the Issue of Voltage Regulation 
and Reactive Compensation 
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Table 5-1. Volcage Regulation: Status of Problea Areas 


Problem Areas 

Present 

Status 

Future 

Status 

Reference 

Numbers 

Assess present distribution 
practices 

B 

A 

Section IX (2) 

Develop steady-state siodels 
of converters 

B 

B 

- 

Study system resonances 

C 

C 

- 

Develop three-phase 
distribution load-flow 
software 

B 

A 

• 

Assef>s system modifications 
to maintain required voltage 
and power-flows 

C 

C 


A The issue is completely resolved 

available knowledge. 

or can be 

resolved when based on 

B Much is knoim or documented, but the issue 

C Very little is known or documented. 

D Nothing is kno«ra or documented. 

is not 

totally resolved. 


SECTION VI 


HARMONICS 


A. INTRODUCTION 

!• Definition 

The definition of harmonics is the maximum amount of voltage 
and/or current harmonics produced by a PV system (at its terminals) when 
connected to a utility power system. 


2. Risk 

Harmonics (both current and voltage) have a lot of undesirable 
effects associated with them. If a PV system produces excessive harmonics and 
thereby causes problems with the utility power system^ the utility may ask the 
PV system to be shut down until the problem is corrected* 


3. Discussion 

Without the integration of PV sources, there are many other 
sources of harmonics on existing distribution systems. In general, devices 
with nonlinear operating characteristics produce harmonics. Some examples are 
transformer magnetizing currents, arc furnaces and welders, thyristor 
controlled devices, rectifiers, etc. 

The introduction of PV sources into the grid will magnify the level of 
harmonics on the system due to the harmonics produced in the dc to ac conver- 
sion process. Of the various types of conversion alternatives available, 
two approaches commonly applied today and discussed in Section II-C.3. produce 
different types of harmonics. The Current Fed Line-Commutated Inverter (CFLC) 
produces current harmonics while the Voltage Fed Force-Commutated Inverter 
(VFFC) produces voltage harmonics. In both cases, the level of harmonics 
imposed on the system is a function of system impedance at the point of 
interconnection as well as the characteristics of the inverter itself. 

The order of harmonics produced by either type of converter is a 
function of the switching design and can generally be classified into the 
following categories: 

(1) Characteristic harmonics; These harmonics are produced if ideal 
switchings occur within the inverter. 

(2) Uncharacteristic harmonics: These harmonics are of the order 

other than (1) above that are caused from unbalanced line 
voltages, noise in the electronic circuits controlling the 
switching and interactions of characteristic harmonics and 
fundamental currents in non-linear portions of the system. 


6-1 


(3) High frequency harmonics t These harmonics in the tens of 

kHz range are produced due to commutation notches in the supply 
voltage. 

The undesirable effects of harmonics are summarized below. No effort is 
made to isolate effects from voltage or current harmonics because they are 
essentially duals of each other, i.e., one produces the other. 

(1) Overheating of capacitor banka due to lower impedance to higher 
order harmonica. 

(2) Overheating in rotating machines and transformers. Harmonics do 
influence motor torque also, but this effect is not thought to be 
significant. 

(3) Interference with utility ripple and carrier current systems. 

(4) Interference with voice communication (telephone interference). 

(5) Overvoltages due to resonance. 

(6) Instability in converter controls. 

(7) Malfunctioning of protective relays. 

(8) Errors in metering real and reactive energy. 

(9) Malfunctioning of connected loads, such as computers. 

Development of a viable standard for harmonic limits of individual power 
conditioning units could be a very complex procedure. It would involve 
determining the maximum allowable harmonic limits at any point on the system 
and translation of this number into an allowable harmonic injection (voltage 
or current) at the terminals of the converter. This limit would depend on the 
characteristics of the distribution system, background harmonic level from 
other sources on the system and most important to the penetration level (both 
local and systesi-wide) of PV sources. It would also involve extensive system 
simulations and field measurements. 


B. REFERENCES 


1. Rimbark, E. W., Direct Current Transmission , Vol. I, 
Wiley Interacience, 1971. 


Chapter 8 of this book discusses the generation of voltage and current 
harmonics by HVDC converters. Fourier analysis of the current and voltage 
waveforms under various operating conditions is performed. The origin of 
uncharacteristic harmonics and the undesirable effects of harmonics themselves 
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are discussed. There is emphasis on telephone inter ference* discussing the 
various weighting systems (such as the Bell Telephone System* Edison Electric 
Institute* and the International Coamission of Consultative Commission on 
Telegraph and Telephone Systems). Reduction of harronics including criteria 
for selecting harmonic filters is addressed in detail. The effect of net%rork 
impedance on filtering is also adequately covered. 

This book is an excellent treatment of harmonics. It condenses much 
useful information in one chapter. 


2. Campen* G. L.* Preliminary Report on the Results of the 
ORNL Sponsored Measureawnt Program at the J. F. Long 
rSo tovoltaic Hosw in Phoenix, Arixona * by Oak Ridge 
. (.lonal Lab* Decemoer 19* 1980.^ 


This is a preliminary report on the various measurements carried out at 
the J. F. Long PV home in Phoenix* Arizona. The measurements were made in a 
four-day period in October 1980. The quantities measured were current and vol- 
tage harmonics with the PV system on and off* real and reactive power flows with 
the PV system, on and the isq>edance characteristics of the system. Although 
many measurements were made* preliminary analysis showed some errors between mea- 
sured and calculated values. These could be attributed to instrumentation* poor 
frequency response of transducers* etc. It will take some more time before the 
extensive volume of data gathered can be properly analyzed and any firm con- 
clusions drawn. 

This represents a good first step towards resolving the issue of 
allowable harmonic limits for PV systems for DOE. 


3. Guidelines for Voltage Harmonics Prediction in 

Distribution Feeders* prepared by Worcester Polytechnic 
Institute/New England Electric System Group under 
Contract #223221* June 1978. 


The goal of this guideline is to enable the distribution engineer to 
predict harmonic voltagis as a function of rectifier or inverter type and 
power rating. 

The tolerable level of hanaonics depends on the type of device exposed 
to harmonics. Figure 6-1 presents recoanended levels of individual harmonics 
for six basic types of loads. These guidelines anist be interpreted so that* 

^At the time of this printing* the draft final report for this task has just 
been received. Thus* the findings from this study could not be included in 
this report. 
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PERCENT HARMONIC VOLTAGE-V • 



HARMONIC FREQUENCY - (Hz) 



Figure 6-1* Accepceble Levels for Voltage Hamonlcs 
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to ensure the proper perfonsance of an electric device connected to a certain 
bus, a voltage hamonic shall not exceed the lisiit indicated in the figure. 
Table 6-1 gives the maxiiaum recommended voltage distortion factors (OF), 

The guidelines present three methods of detemining harmonics in any 
given power system. They are: (1) exact method, (2) siaq»lified method, and 

(3) a method using no computations. In the exact smthod, the iispedance of the 
entire network is modeled for each frequency and the voltage harmonics are 
computed for each value of the harmonic frequency at each bus. This seems to 
be quite similar to the computer program developed by the NcGra%f-Edison 
Company for EPRI (see Reference 4 in this Section), In the simplified method, 
the input data are kept to a minimius. This method can be used if there is a 
customer transformer between the converter bus and the utility bus. An 
additional condition is that the transformer impedance aaist be at least twice 
the system short-circuit iispedance at the converter bus. In the no-computation 
method, no further calculations are necessary if the converter load is small 
with respect to loads other than the converter load connected at the studied 
bus. The local load damps out the current harmonics effects and the expected 
voltage harmonics are below all the accepted levels for all types of equipment. 
The necessary criteria for such a condition are clearly illustrated. Some 
numerical examples are worked out to illustrate how the various methods work. 

Th' se aiethods are aiore suited to situations tihen there are isolated 
large size converters connected to the system. The applicability of such an 
analysis for distributed PV case must be verified. 


4. Study of Distribution Systems Surge and Harmonic 

Characteristics , Final Report EL-1627, prepared by the 
McGraw-Edison Company for EPRI, November 1980. 


Table 6-1. Maximum Acceptable Voltage Distortion Factor 


Device 


Voltage Distortion Factor (DF), % 


TV Hot Given 

Capacitors 9,19 

Solid S'. ate Devices lOcOO 

(inverters and converters) 

Motors 7.07 

Communication Mot Given 

Carrier Systems 

Computers 5.0 
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The objectives of this project were: 

(1) To determine the effects of hamonics and noise on distribution 
systems and equipment. 

(2) To evaluate equipment and methods for iseasuring harmonics and 
noise. 

(3) To develop analytic techniques for studying distribution network 
response to harmonics. 

(4) To evalute methods to reduce harmonics. 

(5) To investigate requirements for surge protection of converters. 

Section 2 of this report discusses the nature of the various harmonic 
ptoducing sources on the system such as transformers > rotating machines > ano 
equipsientf converters^ etc. It also discusses the harmful effects of 
harmonics on various equipment. Most of the findings are based on a 
literature search rather than actual analysis or experimentation on the 
various equipment. Section 3 discusses the high frequency noise 
characteristics of distribution systems. The sources of high-frequency noise 
on the system are desjr^V !; the Instrumentation used to measure the noise is 
also discussed. Spect. jn. anaV/ses displays of background noise on two utility 
distribution systems ire preientod. Section 4 discusses the origin }f various 
types of voltage trarsiente ot. t^e system. It also discusses the ill-effects 
of thesf surges on converters and ways to mitigate them. Section 5 describes 
the inscriimentation anu test methodology employed to measure current and 
voltage, harmonics and voltage surges on two utility distribution systems. 
Section 6 briefly describes the analytical techniques for simulating the 
impact of harmonics on sny given distribution system. The results of 
analytical studies are compared with actual field measurements. Section 7 
discu.^aes tha hamo^X^' reduction and surge suppression techniques. Section 8 
presents the ovi't^all CvAclusions. 

Appendix A presents an abstract of the many references available on the 
sn''5i:ct. Appendix B provides the description of the computer program 
L ..stribution Feeder Harmonic Analysis (DFHA). 

This study has identified various sources of harmonics on distribution 
systems and their effect on the various equipment. It also demonstrated that 
satisfactory instrumentation for measuring harmonic currents and voltages is 
available. The field tests demonstrated the validity of using analytical 
models of ac/dc power converters to predict the magnitudes of harmonics 
generated on the system. Computer analyses predicted frequencies causing 
resonance or current /volt age magnification to an accuracy within SZ. Magnitude 
predictions varied with the location. Near the harmonic source» the results 
were no less than 50Z inaccurate (on the order of 20Z inaccurate for harmonics 
below 19th). Far from the harmonic sourcei inaccuracies of several hundred 
percent were encountered. 

This study gives a better understanding of the complex interaction of 
harmonics with distribution systems and their impacts on various equipment. 
Although the study concentrated on Megawatt (MH) size converters* some of the 
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results obtained and the aethodology developed for analysis would be very 
helpful to the PV Prograai. In its entiretyt this report is one of the best 
references on this subject* 


5* Stratford, R. P*, "Hamonic Pollution on Power Systems ~ 
A Change in Philosophy," IEEE Transactions on Industry 
Applications , Vol. IA*-16, Mo* 5, September/October 1980. 


Combinstions of static power inverters and power capacitors can create 
problems on the system. There are commonsense rules to use to determine if 
there is a problem* The following definitions are used: 



where 

fp * per-uni.: parallel resonant frequency 

X(. « capacitor bank reactance (per-unit or ohms) 

Xgc * system reactance (per-unit or ohms) 

SCR m »hort-circuit MVA 
converter MW 

If SCR is above 20 and fp is below 8.5, the probability of problems is 
low. If SCR is below 20 and fp is near one of the converter characteristic 
harmonics, there is a high probability of producing excessive harmonic voltage 
and currents. 

The typi.cal industrial systems have parallel resonances near the band 
300-420 Hz when correcting the power factor to 0.9-0.95. Thus, the fifth and 
seventh harmonic currents are of the greatest concern. In examples given in 
the paper, it is shown that the rms capacitor currents can go as high as 1.42 
per unit under certain resonant conditions. The recoBendation is to use 
tuned filters for fifth and seventh harmonic frequencies* 

Interesting highlight is the actual oscilloscope patterns of currents 
and voltage on an industrial system with converters. 


6* Stratford, R. P., and Steeper, D. E., "Reactive 

Compensation and Harmonic Suppressions for Industrial 
Power Systems," IEEE Transactions on Industry Applications , 
Vol. IA-12, pp. 232-54, May/June 1976* 
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The paper discusses the undesirable effects of harmonics and shows an 
oscillogram of converter instability due to harmonics* The ways to eliminate 
harmonics are discussed with emphasis on shunt filter design. Current 
practices for allowable harmonics for various HVDC installations are 
presented. Some of the experiences with industrial users is also discussed 
when the requirements on total voltage harmonic distortions are less than 3X. 
The psper contains oscillograms of currents and voltagea with and without 
shunt filters. 

This is a very interesting paper* It is probably one of the best 
references on harmonics* 


7. Chandra, N., et al, "Prediction of Harmonic Voltages in 
Distribution Systems," paper #80 SM 667-6, presented at 
lEEE-PES Summer Meeting, Minneapolis, Minnesota, July 
13-18, 1980. 


This paper develops workable models for specific devices that are known 
to inject harmonics into power distributicr systems (such as ac/dc converters). 
This includes both the line-comsnitated and se? f-coanutated types. These models 
are combined with the models of the various elements of the power system, such 
as transmission lines, transformers, etc., and the resulting network is solved 
to yield harmonic voltages. An example is presented applying the techniques 
to analyze a real-life installation. 

The analysis technique presented is quite interesting. It could 
possibly work with isany distributed sources on the system. 


8. Investigation of Maximim Tolerable Level of Voltage and 

Current Harmonics, ongoing DOE/EES Contract with University 
of Colorado, Contract #AC02-80RA-50150. 


The effort so far has concentrated on a literature search, trying to 
identify the various standards or guidelines existing on harmonics worldwide. 
Also, experiments were performed to determine the effects of harmonic and 
subharmonic voltages on hosM appliances, such as TVs and single phase motors. 
Experimentation is still going on, and preliminary conclusions are as follows: 

(1) Ssialler induction motors (~l/3 hp) with relatively large 
inductances are less sensiti’^e to temperature rise because or 
harmonics and subharmoni<.s than large SK>tors (~1 hp) with 
relatively small inductances* 

(2) In linesr (unsaturated) induction motors, the sdditional losses 
from harmonics and subharmonics depend only on the amplitude of 
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the hermonice or subharBonice. In the case of non-linear 
(aaturated) induction aotorat the aaplitude and the phase shift) 
with respect to the fundanental) are important. 

(3) The proper functioning of television sets can be impaired by the 
presence of harmonics or subhatmonics in two ways: 

(a) The television picture becosMs enlarged and reduced 
periodically if subharsMnica of lower order in the terminal 
voltage exceed certain voltage levels. 

(b) The dc power supply network (transformers) capacitors) suy 
become overheated if harmonics or subharmonics are above a 
certain voltage level. 

This is quite an important study. The results obtained should have 
ramifications on the issue of sMxiaum tolerable level of harmonics. However) 
due to the limited nature of this study) it will not prc' ide all the answers 
to the problem. 


9. Shepard, J. D.) *'Switchir.g Supplies - The FCC) VDE) and 
YoU)” Electronic Products Magasine , p. 51) March 1980. 


This reference compares the EMI standards imposed by the Federal 
Coimunication Commission (FCC) and the European agency with the strictest EMI 
requirement, West German Verband Deutschen Electrotechniken (VDE). 

The FCC has established two classes of devices: (1) Class A, intended 

for use in commercial, business, and industrial environments, and, (2) Class B, 
intended for use by the general public in a home or a residential environment. 
Although FCC will require certification for some Class B devices, certification 
will not be required for any Class A device. 

The FCC specifications for conducted emissions currently cover the 
450-kHt to 30“MHz spectrum. This excludes the low-frequency portion between 
10 and 430 kHz in which most fundamental switches and low order harmonics 
occur. Conducted limits for this frequency range are still under 
consideration by the FCC. 

The comparison of the FCC and VOE standards is shown in Figure 6-2. 


10. Jordan, H. E., and Klingshirn, E. A., "Polyphase 

Induction Motor Performance and Losses on Non-sinu ’.oidal 
Voltage Sources," IEEE Transactions on PAS , Vol. PAS-87, 
p. 624) March 1968. 
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HEQUtNCy (MHt) 

Figure 6-2 * Coaparieon of FCC & VDE EMI Liaita 


Induccion motors excited with static frequency converters alaost 
invariably are subjected to non~sinusoidal voltage waveforas. The presence of 
time harmonics in the applied voltage results in currents at the harawnic 
frequencies. Tltese currents result in additional andf soaetiaest rather large 
losses. A method for calculating these harmonic currents and losses is 
presented; experiaental date are included to substantiate it. The losses are 
separated into various components. The largest loss is usually in the rotor 
bars as a result of deep bar effect. HarsK>nic losses are nearly independent 
of motor load. The fundaaental magnetixing current increases over that which 
would be present for the saae ras fundaamntal voltage. These observations are 
explained on a theoretical basis and the encouraging correlation between test 
and calculated data confirms that the important elements which differ between 
motor performance on sinusoidal and non^sinusoidal waveforas have been 
identified and accounted for. 

In an example presented, it is shown that for a six-step voltage wave 
(30Z total harmonic distortion), the increase in motor lusaea amounted to about 
20 %. 


11. Doggett, L. A., and Queer, E. R. , "Induction Motor 
Operation with Mon-Sinusoidal Impressed Voltages," 
Transactions of the AIEE, pp. 1217-1220, October 1929. 


This paper presents results from analytical treatswnt and actual tests 
to determine the impact of harmonics on an induction swtor. The conclusions 
are that with harmonics of lOS or less, the harmonics produce an insignificant 
effect for all types of induction motors and for all conditions of operation 
except the no-load condition. In this case, a significant but not serious 
increase of I^x (reactive consumption) occurs. Also, lightly loaded motors 
isay smooth out the impressed electromotive force wave. 
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12. Jaifif G. C.f "Th« Efface of Voltaga Havaahapa on eha 
Parforaanca of a Three-Phaaa Induction Motort" AIKE 
TranaactionSi pp. 561-^566 ^ June 1964. 


A Fourier analysie of the output voltage wavaahapea of low-frequency 
aourcee ahowa that» depending upon the order, a hamonic coaponant of the 
voltage aay contribute either poaitive, negative, or no torque. Uaing the 
concept of rotor-tiiM-conatant expreaaiona for total developed torque, atator 
current and copper loaaea are derived for a voltage wave coapoaed of haraonica 
of varioua aagnitudea and ordera. The atator current ia affected if the aotor 
neutral ia connected to the aupply neutral. 

The analyaia performed ahowa that, with a voltage wave rich in 
harmonica, the machine operatea aa if the applied ainuaoidal voltage were 
decreaaed. The effect of haraonica of ordera 3n <*> 1 (n w o) and 3n 2 ia 
practically negligible. The effect of harmonica order 3n 3 ia noticeable in 
the atator current if the rotor leakage reactance ia email and the motor 
neutral ia connected to the aupply neutral. 


13. Electrical Noiae and Harmonica on Power Syatema- 
Meaaurementa , ongoing project EPRI RP 2017. 


A new atart by EPRI directed at field meaaurementa of noiae and 
harmonica on a total of 100 feedera in diatribution ayatema of 10 utilitiea. 
Anticipated completion ia March 1983. The reaulta ahould provide valuable 
data on preaent levela of harmonics and noiae (without DSGa). 


14. An RF Model of the Diatribution Syatem, Work 
performed by General Electric for DOE, 

JPL managed. Contract # EC-77-C-01-2100. 


A follow-on atudy to the original RF Model Study in %rhich harmonica and 
noiae will be included in the model. The reaulta ahould be of value in 
modeling diatribution ayatema and the propagation of harmonics thereon. 


15. Inveatigationa of a Famly of Power Conditioners 
Integrated into the Utility (Irid , DOE (^ntract 
DE-AC02-79ET 29359 with Weatinghouse Electric 
Corporation, Draft Pinal Report, January 1981. 
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In thlt atudyt eh« r«c<MMndationa of allowable haraonica injacclon are 
baaed on exiacing European atandarda* The atudy recoaaenda a SX total 
haraMnic current diatortion Halt with a auperpoaad Halt on individual 
cooqKmenta of 15/N aapa where H ia Che haraonic order* Theae liaita apply to 
an individual converter* 

However, according to the authora, theae apecificationa are atill 
conaidered tentative and aubjeet to aodification, either tightening up of or 
relaxing from further atudiea or field evidence, on thia particular iaaue* 


C* GUIDELINES/STARDAimS 


1* "Guidelinea for Allowable Haraonic Voltagea for HVDC 
Applicationa" (froa Reference 1 above)* 


The propoaed liaiita of harmonic voltage/current for varioua HVDC 
projecta are tabulated in Table 6»2* 


2* European Guidelinea/Specificationa on Harmonica^ 

Many European countriea have exiating guidelinea and/or apecifi- 
cationa regarding aaxinua tolerance level of voltage and current harmonica. 
However, it ia confuaing to coupare the varioua guidelinea becauae moat of then 
uae different paramatera to apecify the limita on harmonica. To be able to 
draw a conpariaon, the varioua Parametera encountered in the varioua guidelinea 
are defined: 

■ Injected line current (A) of the order n 

B Voltage harmonic (line-to**neutral) of order n (V) (aee footnote 
3 below) 

V^ ■ Percentage voltage harmonic of order n baaed on fundamental 
Zgf. B Short circuit impedance of the ayatem at the point of connection 


^Based on an actual atudy of aoaM of the guidelinea and an excellent 
summary prepared by A. S* Emanuel for IEEE V’orking Group on Harmonica. 

^There seema to be some confuaion about thia definition. Some guidelines 
apecify a limit on thu- voltage injected due to a harmonic aou>'ce 
(generally cs n I,i unleaa defined otherwiae). Othera apecify a 
limit on the maximum tolerable voltage on the iyatem which could be due to 
many harmonic producing aourcea on the ayater Whenever such a 
diaciuction ia made, it will be clearly broc ,at out* 
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Table 6-2. Linits on Harmonic Voltage/CurrenC for HVDC Syatems 


Project 

or 

Author 

Limits on Maxisum Deviation 
From Sine Wave^ 
(H6^% 

Limits on Every 
Characteristic 
Harmonic Voltage, Z 

Ainsworth^ 

3-5 


Ringsnorth^ 

2.5 

(for characteristic 
harmonics only) 

1 

Sardinia^ 

4 

— 

New Zealand^ 

— 

0.7 


is defined as 
where 

> harmonic current of order h 
« the fundamental current 

^Author. 

^Various HVDC Projects. 




Percentage voltage distortion ■ 

Short-circuit capacity (KVA) at the point of injection 


Although some of these guidelines are quite extepyive> only the informa- 
tion pertinent to the present study is presented here. 


a. Switzerland . The admissible levels of voltage harmonics at 
the connection bus are given in Table 6-3. According to the definition above y 
it seems that these limits are from one specific source. Using the numbers 
given, the maximum allowable voltage distortion from a single source is (DF) * 
1.9Z. 


b. France. Again, the maximum harmonic voltages from a source 
are specified as: 


% 

< 

1 X, 

n odd 


< 

0.6X, 

n even 

DF 

< 

1.6Z 
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Table 6-3. Adaiaaible Levels of Voltage Hannnics at Connection Bus 
(Switserland) 


Harmonica 

Harmonic 

Order 

Maximum Admieaibl( 
Value of Vq, X 

Odd 

3 

0.85 


5 

0.65 


7 

0.60 


9 

0.40 


11 

0.40 


13 

0.30 


15 

1 

0.25 

i 


39 0.25 


Even 


2 


0.2 


40 


0.2 


where. 


and 


where, 


Vq nZg^Iy^ for low voltage ayateaa 
- 3nZgcI|j for nediun voltage systems 



Vj la the fundaawntal voltage. 


c. Hetherlands . The admissible levels of voltage harmonics 
from a single source are specified in Table 6-4. 


6-14 


Table 6>4. AtelaaibU Lavala of Voltaga naraonlca Fro« a Sintl* Source (Matharlanda) 


Mamuiic 

Ora«r 

3 

A 

5 6 7 8 

9 10 11 

12 

13 

14 

15 

16 

17 

AllowabU 

Voltata 

V<(X) 

0.2 0.8) 

0*2 

0.8) 0.2 0.8 0.2 

0.4 0.2 0.4 

0.2 

0.) 

0 s 2 

>) s 25 

0*2 

0.2) 


This racooBendation is an exact duplicate of the Swiss recosModation. 
however, it is limited to the first 17 haraonic orders* 

If the systesi voltage level and the short-circuit capacity at the point of 
connection are known, the injected current I|| for any individual haraonic 
frequency can be determined asi 

h * 

where V is the systea line—to— line voltage* Thus, for a 380—V line-to-line 
three-phase system and a short-circuit capacity of 4 MVA, the allowable third 
harmonic injected current is 17*3 A* 


d. Germany * The German recommendations are somewhat different 
than the previous ones* They specify limits on the total systea voltage and 
not the contributions from individual sources. 

The general goal is rhat the 5th and the 7th haraonic voltages in the 
systea shall not exceed 5X and the 11th and the 13th shall not exceed 3X* 

There are also limits specified for the maxiaua allowable ratings of the 
various types of rectifiers (6 pulse, 12 pulse controlled and uncontrolled, 
etc.) based on the systea short-circuit capacity at the point of connection* 


e. Sweden. The voltage harmonics from a source at the point of 
connection are specified in Table 6-5. These recoamendations are more relaxed 
than the French and Swiss recoanendationa. 

Also, the aaxima sise of the haraonic source is specified as a function 
of the short-circuit level at the point of connection* 


f. United Kinxdoa (WO . There is an unconditional acceptance 
of the haraonic producing source If the rating (in kVA) of the source is less 
than the limits specified in Table 6-6* 
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Table 6>5. Voltage Haraonica Fron a Source at Connection Point (Sweden) 


Maximum Network 
Voltage 

Individual 
Harmonic Voltages 
Vn. * 

Total Distortion 
Factor 
(DF), X 

430/250 V 

3.0 

4 

3.3-24 kV 

2.5 

3 

36-72 kV 

1.5 

2 

84 kV and above 

0.7 

1 


Table 6-6. Limits on Rating of Harmonic Producing Sources (UR) 


Supply 

Three-Phase Converters, kVA 

Three-Phase AC 

Regulators, kVA 

Voltage, 

kV 

3 Pulse 6 Pulse 

12 Pulse 

6 Thyristor 

3 Thyristor 
3 Diode 

0.415 

8 12 

— 

14 

10 

6.6, 11 

85 130 

250 

150 

100 


If the rating of the source is higher than the limits specified, a 
current limit of each hansonic at various system voltage levels is specified. 
These seem to be very liberal limits, e.g., the third harmonic current at 415 
V is limited to 34 A. However, it is desired that the harmonic voltage 
distortion limits at any point on the system, including the background levels, 
may not exceed the levels specified in Table 6-7. 

g. Australia . The harmonic voltage distortion limits at any 
point on the system are specified. They are generally the same as in the 
Table 6-7 for the UK system. 

If the harmonic source is connected to a bus %ihere the harmonic levels 
are less than 75X of the above levels, then the allowable size of the harmonic 
source is related to the available short-circuit capacity at the point of 
connection. As an example, for a short-circuit level of 100 MVA, a 6-pulse 
uncontrolled rectifier size of 1000 kVA is allowed. 
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Table 6-7* Limits on System Harmonic Voltages (UK) 


Supply System 
Voltage 

Voltage 

Distortion Factor 

Individual Harmonic Voltages 


kV 

(DF), X 

Odd 

Even 


0.415 

5 

4 

2 


6.6, 11 

4 

3 

1.75 


33, 66 

3 

2 

1 


132 

1.5 

1 

0.5 



h. Finland * The Finnish recommendation unlike some others, 
specifies a harmonic current percentage limit based on a reference c irrent 
v»?hlch is the current corresponding to an average hourly power* For voltages 3 
to 20 kV, each harmonic cur rent is limited to 8% of the reference current and 
the distortion current ^n.^) limited to 10% of the reference 

currant. In case these current limits are exceeded, the harmonic producing 
source is still acceptable if the system voltage distortion is less than 5% 
with each harmonic voltage being limit'^d to 4% of the fundamental. There are 
different voltage limits specified for various system voltage levels. 


3. Existing U.S. Utility Practices on Harmonics , New 

York State Electric & Gas Corporation, September 1979. 


A survey of existing U.S. utility practices on harmonics was carried out 
by New York State Electric and Gas Corporation In September 1979. Out of 78 
quest lonnai res and 62 replies, only one utility had a formal specification for 
the Injection of harmonic voltages which the customers had to meet. The 
limits specified v^are 2% (of fundamental) for any one frequency and a voltage 
•Ustortion factor (OF) of 4%. Two companies had guidelines based on telephone 
Interference factors. Some companies were proposing maximum harmonic levels 
lor customer-owned generation. The proposed limits on the OF from each source 
ranged from 3-10%. Some companies suggested values which might he represen- 
tative of the maximum tolerable liarmonlc voltage levels. They ranged from a 
DF of 2-5% and limit on each individual voltage of 1-3%. 
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4, Tennessee Valiev Authority Proposed Policy on Di>per»ed 
Power Production end Interim Progrem end Guidelines for 
lmplementstion < Federel Register, Vol. 45> Mo. 234, 
Decenber 3, 1980. 


Regarding hamonics, the guidelines are as follows: 

(1) Adequate design precautions nust be taken by the owner to prevent 
excessive and deleterious harmonic voltages or currents caused by 
the production facility from occurring on the connecting electric 
system. 

(2) The production facility must be designed to operate with normal 
harmonic voltages and currents that originate from the connecting 
electric system. 

The guidelines are not specific on what an excessive harmonic voltage or 
current is. 


5. Interconnection Facilities and Facilities for Operating in 
Parallel , American Public Power Association ^APPA)t Final 
Report, September 12, 1980. 


Several alternative standards limiting QF harmonics were identified: 

(1) Require that the rms (square root of the sum of the squares) 
harmonic content be equal to or less than some percent (such as 
102) of the fundamental. 

(2) Develop limits for each individual harmonic wave; for example, 
limit the third harmonic to 52 of the fundamental. 

(3) Retain the general requirement that a QF shall not adversely 
affect other customers or the interconnected utility, and if a 
problem occurs, that QF will be disconnected until the QF customer 
corrects the problem. 

(4) Negotiate a solution with a QF when a problem is identified. The 
solution could include isolating the QF through a distribution 
transformer, installing capacitor banks, or requiring the customer 
to modify the QF system to resolve the problem. 

(5) Require that the quotient of the sum of the ataximum instantaneous 
values of all harmonics, divided by the fundamental, be less than 
some specific percentage. This method is simple to calculate but 
difficult to evaluate as the sum ignores time relationships 
between harmonics. Also, this isethod results in a significantly 
higher value than is derived from alternative 1. 


6-18 


Any standard should differentiate between current harmonics and voltage 
harmonics* 

Generally, alternative 3 would provide flexibility in dealing with 
unforeseen situations* For a few, smal'l , randomly-located QFs, alternative 1 
with an arbitrary percent for current harmonics and voltage harmonics may be 
more desirable* Initially a lOX limitation for current harmonics and a 2% 
limitation for voltage harmonics m^y be sufficient. 

When large numbers of QFs are connected, the standards should be 
reevaluated* 


6. IEEE Guide for Harmonic Control and Reactive 
Compensation of Static Power Converters, 

IEEE Project #519, July 1979. 


These guidelines were established in 1979. There are detailed guidelines 
for telephone interference parameters {such as the voltage telephone inter- 
ference factor and the I-T product)* There are also limits for the DF provided 
for various system voltages. For a 460-V system, the limit specified is a DF 
of 5%* There are no limits specified for individual sources of harmonics. 

Also, limits on individual harmonic frequencies are not provided* 

Besides the distortion factor, another parameter specified is the area 
of the commutation notch in volt-microseconds. The commutation notch is 
partly responsible for the generation of high frequency noise on the system. 

For a 480-V system, the limits on the commutation notch are 17,500 V sec* 


7. Guidelines on Telephone Interference 

The guidelines regarding telephone interference are very well 
established. It is unnecessary to detail these guidelines because the 
following references provide that. 

(1 ) The Telephone Influence Factor of Supply System Voltages and 
Currents , Supplement to Engineering Report No. 33, EEI Publication 
60-68, September 12, 1960* 

(2) Ball, W. C., and Poarch, C. K*, “Telephone Influence Factor (TIF) 
and its Measurement,** Transactions AIEE , pp. 659-663, January 1961. 

(3) Kimbark, E. W. , Direct Current Transmission, Wiley 6 Co*, 

1971. 

(4) IEEE Guide for Harmonic Control and Reactive Compensations of 
Static Power Converters, IEEE Project #519, July 1979* 
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D. CONCLUSIONS 

(1) Few utilities around the. country have any guidelines or specif id- 
eations regarding harmonics. Most utilities wouIJ Jisconnect the 
dispersed generator if it generated excessive harmonics which 
created problems* 

(2) There ire many European guidelines available. It is not clear if 
they would apply for a reasonably high penetration of PV sources. 

(3) Very limited information exists on the maximum tolerable limits of 
harmonics (both current and voltage) for various appliances and 
power system equipment. There is some disagreement between the 
few sources of data available on the subject. 

(4) Little effort has been made to measure the background harmonic 
level on the present day power systems. 

(5) To summarize the various guidelines/standards/specif Ications on 
harmonics, a 5% system voltage distortion factor \ilth a limit of 
3% on any single voltage may be acceptable. (It is the system 
voltage distortion factor at any point on the system and not due 
to an individual source.) However, there is so much variation 
between the various guidelines that this number may be meaningless. 

(6) Some software is available to study the interaction of harmonic 
so\irces with che system. A.lthough most of the software was 
developed for large isolated sources, it may be possible to use it 
for an initial study of PV systems. 

(7) The factors to determine telephone interference are well 
established and do not need further study. 

(8) The problem of EMI (both conducted and radiated) must be 
investigated to determine conformity to FCC regulations. 


E. RECOMMENDATIONS 

To resolve the issue of harmonics, a plan of action is presented, in 
r!o\/~chart form, in Figure 6-3 ♦ This applies only to a study of low frequency 
harmoni cs • The prof em of impulsive noise and EMI must be investigated 
separately. The sta us of the various tasks outlined in Figure 6-3 is shown 
in Table 6-8. 
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PRESENT/FUTURE STATUS 






Figure 6-3. Flow-Chart Representative of the Plan for 
Resolving the Issue of Harmonics 
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Table 6-8* Harmonics: Status of Problem Areas 


Problem Areas 

Present 

Status 

Future 

Status 

Re ference 
Numbers 

Tolerable harmonic levels 

C 

B 

8 

Measurements of background 
harmonic le'^els on systems 

C 

A 

2,13 

System software to 
study interaction 

C 

B 

14 

Specify limits for 
individual sources 

C 

C 


A The issue is completely resolved 

or can be 

resolved when 



based on available knowledge* 

B Much is known or documented, but the issue 
is not totally resolved. 

C Very little is known or documented* 

D Nothing is known or documented. 
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SECTION VII 


SArETY AND CODE REQUIREMENTS 


A. INTRODUCTION 

1* Definition 

This includes development of safety requirements for PV systems 
connected to the utility power system. The object is to minimize the potential 
of a shock hazard to either the owner of a PV system^ or to the utility 
operating personnel, and to also prevent the possibility of destruction of 
property from a fire hazard* 


2* Risk 

Unless appropriate requirements are established within the 
existing framework of product safety standards, building and electrical codes, 
and utility codes, it will be very difficult to obtain the necessary approval 
from either the utility or local code enforcement officials* 


3* Discussion 

It is highly important that PV systems connected to a utility 
system should not cause any safety hazard to either the PV source owners or to 
utility personnel* The safe installation of residential, commercial, and 
industrial electrical systems is guided by the National Electric Code (NEC), 
which is published by the National Fire Protection Association (NFPA) every 3 
years* The code, as written now, does not address photovolt aics * It is 
anticipated that revisions to the NEC will emphasize the unique aspects of 
photovol taics and address those concerns which could result in an unsafe 
installation. Some issues of concern are grounding of PV arrays and the Power 
Conditioning Subsystem (PCS), electrical isolation (through a transformer) of 
the PV system from the utility system, disconnection of the PV array from the 
PCS and the PCS from the utility during titles of maintenance. These and other 
issues directly impacting safety must be thoroughly analyzed and included in 
any revision of the code* 

li. REFERENCES 


1 * Photovoltaic Uti li ty /Customer Interface Study , 
Final Report, Westinghouse Electric Corp* for 
Saiidia, under Contract ifl3-2228, December 1980* 
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Chapter 2 discusaes the poasiblc nethoda of interconnecting residential 
PV systems with the utility and their acceptance under the NEC. Of three 
methods discussed, one method violates the code whiie the other methods can 
comply with the code. The report also tabulates the list of typical 
protection devices required for the interface, assuming, however, that the 
Power Conditioning Unit (PCU) is provided with its own protection. The 
requirements of grounding PV systems are also briefly discussed based on 
articles of the NEC describing various grounding practices. 

Although some interesting coasnents are made about the applicability cf 
PV systems to NEC, the treatment is very brief. 


2. Study of Dispersed Small Wind Systems Interconnected 
with a Utility Distribution System , Interim Report, by 
Systems Control Inc., Department of Energy Contract 
<»bE-AC-04-76DP03533 . 


This study concluded that the utilities' work procedures were adequate 
for ensuring line-crew safety with customer-owned, wind turbine generators 
connected to distribution systems. These procedures require that synchronous 
generator and self-commutated inverter small wind systems provide a disconnect 
switch, accessible to the utility's line crew, to disconnect these generators 
during repair periods. Line-commutated inverter and induction generator small 
wind systems are not addressed by these same work proceuures because these 
systems are voltage-dependent. 

The examination indicates no deficiency in hardware for disconnecting 
the customer’s wind turbine generator. Many hardware options for disconnecting 
the wind turbine generators exist. These options are available to the utility 
and to the ov<-ner/ designer of the wind turbine. 

The study does not examine the possibility of self excitation of line- 
commutated inverters £.id i.nduction generators nor does it emphasise the 
applicability of the various codes (such as NEC) to dispersed generation. 


3. Meeker, D. G., and Weinstein, A. S., Exploratory 
Study, Safety and Liability Considerations for 
Photovol taic~ Modules/Panel s , Carnegie/Mellon University , 
Report No. DOE/'JPL 955846-81/1, January 1981. 


This report explores generic tyr *. e of haxards. It offers methodologies 
for analysis that can be devised to euaance safety and reduce liability in 
using PV energy sources. 


The repor . saggeiiLs areas for which hazard assessnent should be under- 
taken, including: manufacturing and assembly, shipping and handling, operation 

and maintenance, installation, natural events, and others. It is concerned 
with the need for an automatic disconnect between the PV system and the 
utility* s lines when the utility suffers a complete loss of power. 

Also, there is a problem if a signific nt feed from a large number of PV 
arrays is suddenly lost due to a natural event or other cause. In this case, the 
utility may not be cble to pick up the load caused by loss of the PV source to 
avoid either a blackout or a rapid drop in voltage. When significant damage 
occurs, the question of responsibility and liability, will arise. The report 
does not give answers, but poses issues to stimulate consideration. 


4. Standard of Safety: F'<at Plate Photovoltaic Modules 

and Panels, Construction Requirements , Vol . I, JPL 
Report 5101-164, Low Cost Solar Array Project, 
January 15, 1981* 


This report contains interim safety construction requirements for PV 
modules and panels that are compatible with system safety considerations 
identified by building and electrical codes* 

These requirements cover flat-plate photovoltaic modules and panels 
intended for installation on or integral with buildings (free-standing, not 
attached to the buildings). 

The report also covers components intended to provide electrical 
connection to, and mounting facilities for, flat-plate photovoltaic modules 
and panels. 


^ • In terim Standard for Safety; Flat-P l ate Photovoltai c 

Modules and Panel s , Volume 11: Performance Requirements , 

JPL Report 5101-164, Low Cost Solar Array Project, 

January 1981. 


This volume contains interim safety performance requirements for PV 
modules and panels. These requirements are primarily in the form of test 
procedures and methods presently being considered to verify compliance with 
the construction requirements set forth in Volume 1. 

The perfonmance requirements are of a very rudimentary nature at this 
time. The scope is limited to safety aspects of module and panel performance. 
This volume contains a number of environmental endurance teats to assess 
possible degradation of safety features associated with environmental exposure 
of a PV panel or module during its design life* 
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6 . 


Investigate Protection of Electric Distribution 
System Containing Decentralized Generating Devices , 
RFP PEDS-19, Oak Ridge National Laboratories for the 
Department of Energy. 


The final study task (see also Section II-E) involves an analysis of 
personnel safety* Current practices will be reviewed and modifications 
suggested. Hardware requirements to meet safety modifications will be 
discussed. 


7. Investigation of a Family of Power Conditioners 
Integrated Into the Utility Grid , DOE Contract 
DE-AC02-79ET 29359 with Westinghouse Electric 
Corporation, Draft Final Report, January 1981. 


This study recommends that an isolation transformer be used to couple 
the converter to the utility power system because the dc source can then be 
grounded at any desired point without any problems. If the array is not firaly 
grounded, a virtual ground will occur at, or close to, the mid-point of the 
array. This virtual ground can undergo considerable /oltage excursion (up to 
the peak converter ac voltage) with respect to the true earth ground. The 
same holds true if no isolation is used with a bridge configuration converter. 
The dc source becomes grounded by the ac system ground only if a non-isolated 
midpoint converter is used. Such a practice, however, may not be acceptable. 

It is also recommended that the only direct connection from the ac 
system ground to the conversion equipment be the case of the converter* 

It is suggested that any converter should automatically cease to 
function, just as a line -commutated converter does, in the event of an ac 
supply fault followed by a protective device clearing. This can be accom- 
plisheo easily if unity power factor converter operation is the norm, and with 
somewhat more difficulty if it is not. 


8. DQE/PV Sponsored Studies with Underwriters Laboratory (UL) . 


Currently there are two DOE/PV sponsored studies going on at 
Underwriters Laboratory to investigate the grounding and safety requirements 
for the PV array and the PV Interface Subsystem. The studies are managed by 
JPL and SERI respectively. Hopefully, at the completion of the studies, 
viable safety requirements will be developed to ensure adequate safety to the 
PV owner and to utility personnel. 
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9 


Interim Performance Criteria for Photovoltaic 
Energy Systems > Final Report, SERl/TR-742-654 


This document is an initial attempt at setting performance criteria for 
photovoltaic systems. Because of the evolutionary nature of performance 
criteria, updates should be expected. The criteria apply to the system as a 
whole and its subsystems* Over 50 references are cited to give further 
background information. 


C . GUIDELINES/STANDARDS 


1. National Electric Code (NEC) , published by the 
National Fire Protection Association (NFPA). 


This guideline is followed extensively by local code enforcement 
officials for approval of electrical installations. 


2* National Electric Safety Code (NESC) , ANSI C2-1981. 


This standard is published by the IFEE* It is applicable to the systems 
and equipment operated by utilities, or similar systems and equipment of an 
industrial establishment under the con.rol of qualified persons. 


3. Standards for Operating Reliability , Ca li fornia 

Public Utilities Commission Draft Report, Chapter 14. 


For various issues regarding safety, the PUC staff gives the following 
recommendations: 

(1) Except for the utility manual disconnect and feeder reclose 
blocking equipment, the QF shall have the option of ovming, 
(furnishing and installing) operating, and maintaining the 
interconnection protective equipment or paying for the utility to 
install the equipment and maintain it. 
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(2) The utilities shall review their requirements for small size 

facilities to simplify reqtirements and standardize. Dedicated 
transformer requirements th the QF may be required to pay for 
shall be limited to no greater than 1.15 times the QFs generator 
nameplate capacity. Daily logs of generator trips and separations 
for small QFs shall not be required by the utility* 


4. Tennessee Valley Authority Proposed Folicv on 
Dispersed Power Prourction and Interim Program 
and Guidelines for Implementation , Federal 
Register, Vol. 45, No. 234, December 3, 1980. 


The safety and grounding guidelines are: 

(1) In order to provide safety for the connecting electric system 
employees performing emergency repairs or routine maintenance to 
its lines, the owner must provide equipment for disconnecting and 
isolating the production facility during electric system inter- 
ruptions. Such equipment must be capable of preventing the pro- 
duction facility from energizing the systems lines during such 
interruptions. It must include a device (or devices) which the 
electric systems employees can operate and lock to isolate the 
production facility and all means of backfeed into the connecting 
electric system. 

(2) The facilities (generator, connecting transformer, etc.) that 
connect to the electric system must be grounded so that coordin- 
ation is maintained with the relay protection system used by the 
connecting electric system and so that the connecting facility is 
not subjected to deleterious voltages during fault conditions. 

No mention is made of any isolation transformer. 


^ * Interc onnection Facilities and Facilities for 
Opera ting in Parallel , Ame rican Public Powe r 
Association (APPA) , Final Report, September 12, 
1980. 


The specific guidelines provided for safety, isolation, and grounding 
are as follows: 

(1) A utility controlled device (switch) which physically and visually 
opens the circuit to the QF, must be provided. The device: 

(a) Must open all cables to the device including the neutral. 


7-6 


(b) Must be operable by utility personnel at any time without 
notice to the QF and without restricted access* 

(c) Must be lockable in the open position by the uti lity* 

The disconnecting switch should simultaneously interrupt all phase 
and neutral cables between the utility and QF generation* Under 
energized conditions, this will preserve the electrical continuity 
of all cables interconnecting the utility and QF and prevent 
voltage problems and safety hazards that could occur if electrical 
continuity was not preserved* 

The proliferation of QFs on a utility’s system could significantly 
impact the manpower (and other costs) required to disconnect and 
lock out QFs from the utility’s system for outage clearance, 
construction, and maintenance purposes* 

Also, a utility should review and revise, as necessary, its 
operation, safety, and hold tag procedures (field and dispatching 
manuals) in light of interconnections with QFs* 

(2) Without respect to local building codes, the NEC, article 250, 
covers grounding and bonding of electrical instal lations • This 
article also includes specific requirements for the following: 

(a) Systems, circuits, and equipment required, permitted, or not 
permitted to be grounded* 

(b) Circuit conductor to be grounded on grounded systems* 

(c) Location of grounding connections* 

(d) Types and sizes of grounding and bonding conductors and 
electrodes . 

(e) Methods of grounding and bonding* 

(f) Conditions under which guards, isolation or insulation may 
be substituted for grounding* 

(g) Connections for lightning arresters* 

(h) Grounding of dc circuits* 

Grounding requiromonts should be in compliance with ART-250 of the 
NEC and any applicable local codes* 


^ Diego G as & Electric Company, Protection 
and Operation Guidelines for Cogenerators and 
S mal l Power Products * Preliminary Draft sub- 
mitted to California PUC, 1980* 
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The excerpts from the draft guidelinea applicable to aafety 
considerations are as follows: 

(1) A means of disconnection under the control of utility shall be 
applied to all customers with parallel generation* This can be 
applied on either the primary or secondary circuit and 
accomplished with switches ^ load break elbows, cutouts or 
secondary breakers. As existing circuit design incorporates these 
features, additional costs should be minimal* 

(2) When service is provided at or below 480 V, the customer is served 
by a dedicated distribution transformer* 

(3) The customer’s installation must meet all applicable national, 
state, and local construction and safety codes* 

(4) Transformers feeding customers with parallel generation shall be 
identified with a special tag attached to the transformer or pole* 
This will notify field crews of the possibility of backfeed. 
Incoming load data sheets should be flagged and used to initiate 
order to tag poles. 


7 • Operating, Metering, and Protective Relaying 
Requirements for Parallel Operation by Small 
Cogenerators and Power Producers, 100 kW or 
Less , Pacific Gas & Electric Company, Draft 
submitted to California PUC, September 1980* 


The excerpts from this guideline regarding safety are: 

(1) In all cases, a PG&E-*owned, manually operated disconnect device, 
which can be opened for line clearances, must be provided. 

Usually, this will he an air switch or fused cutout on the 
high-voltage side near the transformer which connects the seller’s 
generator to the PG&E system. 

(2) All generators 5 kW or greater must be connected to the PG4E 
system through a dedicated transformer. Generators less than 
5 kW, generating at the sytem voltage level, may not require a 
transformer. Howe/er, this must be approved by PG&E after review 
of the project details. 
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D. CONCLUSIONS 

(1) Of the utilities surveyed^ PG&E did not require a dedicated trans* 
former for dispersed generators 5 kW and below, and SDG&E did not 
require a dedicated distribution transformer for 10 kW and below. 
The terminology used by the utilities is quite confusing. When 
referring to dedicated distribution transformers, it is not clear 
whether they are referring to an isolation transformer or something 
in addition. These terms must be clarified. 

(2) The requirement for a visible manual disconnect is universal. For 
a large penetration of dispersed generators, the practicality of 
such a requirement is questionable. Instead, there may be a 
requirement for a group of DSGs rather than individual disconnects* 

(3) The possibility of self-excitation of line commutated inverters and 
induction generators and thus, their ability to feed the system 
during the loss of utility power must be investigated. 

(4) Although sojxe of the articles of the NEC and NESC may be applicable 
to PV systems, the code must be revised to cover various aspects 

of PV system installation and interconnect ion to the utility. Such 
revisions could help local electrical inspectors and utilities 
approve interconnection of PV systems and minimire the potential 
for inconsistencies which could result from individual 
interpretation of the code. 


E. RECOMMENDATIONS 

Figure 7-1 is a recomnended plan of action for resolving the various 
problem areas* Table 7-1 shows the status of the various problem areas* 


PRESENT/FUTURE STATUS 








Figure 7-1. 


Flow-Chart Showing a Reconsiended Plan of Action 

for Resolving the Issue of Safety and Code Requirements 
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Table 7-1. Safety and Code Requirements; Status of Problem Areas 



* Present 

Problem Areas Status 

Future 

Status 

Reierence 

Numbers 


Grounding Requirements C 

B 


8 


Tolerable Levels of dc D 

Injection 

D 


— 


Feasibility of dc Switching D 

vs Isolation Transformer 

D 


— 


Remote Switching vs Manual C 

Disconnect 

B 


— 


Recommendations for D 

Modifications in Codes 

B 


a 

A 

The issue is completely resolved or can be 
based on available knowledge 

resolved when 


B 

Much is known or documented, but the issue 
is not totally resolved. 




C 

Very little is known or documented. 




D 

Nothing is known or documented* 




^At the present time, the KFC Correlating Committee has approved the 
formation of two ad-hoc subcommittees to address code-related issues 
associated with photovol taics and cogeneration. Their input will be 
considered for incorporation into the next edition (1984) of the NEC. 
Proposals from each ad-hoc subcommittee must be received no later than 
September 30, 1981. 
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SECTION VIII 


METERING REQUIREMENTS 


A. INTRODUCTION 

1* Definition 

Metering requirements are the modifications in the revenue metering 
needs so that the exchange of energy between the PV system and the utility can 
be accurately measured for billing purposes* 


2. Risk 

Present day induction disk type meters are generally sensitive to 
only the fundamental component of the total powei (or energy) and would be in 
error when used under non-sinusoidal conditions* 


3* Discussion 

Presently in the residential sector, the only quantity which is 
generally metered by the utilities is kWh of electrical consumption. For some 
bigger industrial and commercial customer, quantities such as kW, kVA, and 
kVAR demand, along with time of day kWh (TOD) consumption, may also be metered. 
Once PV sources are installed, the metering needs will be modified consider- 
ably. Some of the options which need to be considered are: 

(1) Measuring the net amount of energy consumed or delivered by 
the PV residence. This would require only one kilowatt-hour 
meter. This method could only be employed if the buy-back 
rates by the utility were the same as the selling rates and 
if no tirae-of-day metering was used. 

(2) Using separate directional watt-hour meters to measure the 
energy delivered by the utility and energy consumed by the 
residence. This would not impose any restriction on the 
buy-back rates. 

(3) The same as (2), plus another meter to measure the net VARH 
consumed by the residence. This option would be employed 
only if the utility expressed concern about the bad power 
factor of PV power conditioning units. 

(4) Some combination of the above options, but with time-of-day 
rates. This would necessitate using meters which are either 
internal-clock-actuated or actuated by the utility from some 
central command station. This would be the most expensive 
metering option. 
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There could be more options in which the energy consumption and the 
demand (kW or kVA) ^ could be measured as a function of time* These would 
increase the complexity of the metering requirements and might not be practical 
if a large number of residences were employed* 

It is important to consider the effects of wave distortion on the 
measurement of the different quantities. The present day induction disk-type 
meters are generally sensitive to only the fundamental component of real or 
reactive energy and could be in error if excessive wave distortion were 
present. In the absence of suitable meters which could function accurately 
under non-sinusoidal conditions , proper calibration factors must be developed 
for present day meters to make them compatible with PV systems. 


B* REFERENCES 


1. Measurement of Harmonics y ongoing DOE/EES contract with 
the National Bureau of Standards (NBS), Contract #AC01- 
80RA-50215. 


This is a continuing project with funding first received from the DOE in 
April 1980. Preliminary design work at KBS started earlier in FY 1980. The 
program consists of two main tasks: (1) developing methods and associated 

instrumentation to accurately measure electrical power in highly distorted 
waveforms (specifically, a sampling type wattmeter with +0.1X accuracy, trace- 
able to the basic NBS standards, will be developed and one prototype built), 
and (2) developing methods and the necessary physical standards to accurately 
characterize and calibrate widebank, high-current shunts utilized in electric 
power train systems. An NBS-designed impedance bridge will be modified to 
provide an uncertainty of +2X or better in the value of these transducers of 
over the frequency range from dc to 100 kHz. 

In FY 1980, an improved simulation program for wideband sampling was 
developed, with an analysis of the major sources of error due to two-channel 
sampling, digitizing, and signal processing. Assembly and initial check-out 
was completed for the 16-bit microcomputer and associated peripheral devices 
display, direct-memory access (DMA) mult iplier-accumulator , etc. , comprising 
the digital signal processing hardware of the prototype wattmeter. Current 
shunts submitted by NASA Lewis Research Center (LeRC) were tested over the 
frequency range from 400 Hz to 10 kHz. The performance was different than 
expected from a well-designed coaxial resistor. 


2. Fuchs, E* F., Impact of Harmonics on Home Appliances , 
Interim Report, performed for DOE/EES under contract 
DE-AC02-80RA50150. 
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This report documents the effects of harmonics on single phase watt-hour 
meters. The major effect of harmonics on residential appliances is to 
increase the power flow to these devices. This increased power flow appears 
as increased losses in all appliances except those which include resistive 
heating elements (i.e., stoves, electric frypans, etc). The watt-hour meter 
records part of this increased flow but n*>t the entire amount* 

Thus, two issues are raised by the report. First, should the watt-hour 
meter accurately record these harmonics or, second, should the meter measure 
only that power which can be used by the appliances (only the fundamental)* 
Thcce issues aie under further consideration by DOE/EES* 


3* Electrical Interference to Standard Induction Watt-hour 
Meters , ongoing EPRI, Project RP 1738. 


The study objective is to determine the response of standard watt-hour 
meters to various harmonics by experimental analysis. The study results are 
expected by June 1981. Honeywell is the project contractor* 


4* Development of an Electronic Single-Phase Watt-hour Meter , 
ongoing EPRI Project RP 1420* 


The study objective is to develop an electronic watt-hour meter with 
three registers for time-of-day metering for load control and automatic meter 
reading by the utility. The meter would measure energy up to about the 100th 
harmonic. The study fhould be completed by the end of 1982. McGraw Edison 
Company is the primary contractor with Texas Instruments as the subcontractor. 


C . GUIDELINES/STANDARDS 


1 * Operating, Metering, and Protective Relaying Requirements for 
P arallel Operation by Small Cogenerators and Power Producers 
100 kW r r less , Pacific Gas & Electric Company, Draft submitted 
to California PUC, September 1980. 


Excerpts from this guideline relating to metering are: 

(1) All deliveries of power between a seller and PG&E must be metered 

as a basis of determining payments between the parties. All meters 
must prevent reverse registration so that deliveries to and from 
the seller can be separately recorded and treated as separate 
transactions under the applicable rate or price schedule* 
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( 2 ) 


The seller will provide, subject to FG&E approval, all facilities 
required to acconanodate any meters, which may include either 
standard watt-hour meters or time-of-de livery metering depending 
upon the contractual agreement. 

Me ‘ring requirements for the delivery of power to PG&E will fall under 
two general classifications, depending upon the contractual arrangements: 

(1) Surplus sale, where only the excess of the seller's generation is 
delivered to the PG&E system after the seller's normal service 
requirements are satisfied. PG&E will provide standby and 
supplementary service in accordance with applicable electric 
tariffs on file with and authorized by the California Public 
Utilities Commission. 

An "out" meter(s) will be required to measure the s^.ller's surplus 
generation which is capable of delivering power into the PG6E 
system. Such delivery shall be at the established service voltage. 

(2) Simultaneous purchase and sale, where the entire net output of the 
Seller's generating (icility is capable of delivering power to the 
PG&E system while PG>^i simultaneously supplies all of the seller's 
normal electric serv’ce requirements. 

All "in" meters will be required to measure energy supplied to the 
seller for his generator auxiliary load when his generator is not 
operating and during periods of generator start-up and shut-down, 
"Out" meter(s) will be required to measure energy delivered to the 
PG&E system. Such delivery shall be at the established service 
voltage. 


2 . Interconnection Facilities and Facilities for Operating i n 
Parallel , American Public Power Association (APPA) . Final 
Report, September 12, 1980. 


Metering for billing purposes must, at the very least, measure the net 
araoimt of energy purchased from the QF or sold to the QF by the utility. 

(Note: Low power factor QFs may deliver kWh to the utility while simul- 

taneously drawing kVAR from the utility.) 

The concept of simultaneous deliveries to the utility by QFs and to the 
QFs by th.e utility w'll require more complex metering installations. Metering 
requirements will be impacted by the physical location of the QF generation 
interconnect ion with the utility system as related to the location of the QF 
load connection to the utility. 

The requirement to purchase from a QF does not automatically imply that 
the utility will sell to the QF . The utility is obligated to sell to the QF 
only if the QF requests such sale* Metering requirements should be dictated 
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by and dependent upon the needs and desires of the QF , the utility and 
regulatory authorities. But, reasonable metering costs associated with QF 
generation can be imposed on the QF. 

The need fo*- precise information concerning the time of delivery of 
electric energy s. ild be carefully considered. It should be recognized that 
electric energy and capacity may have a different value dependent on incremen- 
tal deliveries, i.e., energy required during a peak period of the day when a 
high running-cost generator must provide energy needs above that provided from 
less expensive generation during off-peak periods. 

The QF Aju* the utility can agree on purchase rates under terms and 
conditions wh are less than the maximum allowed by FERC rules. Accordingly, 
certain parameters, particularly when related to capacity value, may be 
estimated instead of precisely determined on the basis of metered data. 


D. CONCLUSIONS 

(1) Metering requirements for a PV system are a function of the 
utility rate structure for dispers^^d generators and depenc’ upon 
the particular utility and the proper regulatory authorities. If 
the utility offers many options, the PV system owner will decide 
the best option based on a cost/bencl'it assessment. 

(2) As PV systems will produce (or consume) real and reactive power at 
frequencies besides 60 Hz, it is not clear whether (or how) this 
component of power would be measured. The commonly used induction 
type meters for measuring real and reactive energy are generally 
sensitive to only the fundamental component. Presently, the 
utilities have shown little concern for this particular issue. 

E. RECOMMENDATIONS 

Because the results from DOE and EPRI sponsored studies are unavailable 
as yet, no recommendations for further work are provided. 



SECTION IX 


OPERATIONS 


A* INTRODUCTION 

The mogt important objective in operating an electrical power system is 
to maintain continuity and quality (frequency and voltage, etc*) of service to 
the customers. This implies that the generation must be adjusted in real time 
to match t'rx prevailing demand. Another objective to be achieved as long as 
it is consistent with continuity of service and dependable operation is to 
distribute the total generation among the various generating units in the most 
optimal way to minimize the overall cost. Because of regulatory actions, a 
practice of dispatching generation to some criteria based on air quality is in 
effect at some utilities (e.g . dispatch). 

The problem of power system operations can be further categorized, based 
on the time span of interest, as shown in Figure 9-1* Each category is 
discussed below* 


B. AUTOMATIC GENERATION CONTROL 
1. Definition 

Automatic Generation Control (AGC) is the regulation of the output 
of electric generators within a prescribed geographical area. This is to 
maintain the scheduled system frequency and/or the established interchange of 
power with other areas within predetermined limits. 


2. Risk 

With a large penetration of PV systems, fluctuations in PV output 
could cause excessive swings in system frequency unless proper control action 
is initiated* 


OPLRATIONS 


AlJTCAv^ATlC SCHtDUllf-4G AND 

GENERATION UNIT COMMITMENT 

CONTROL (HOURS-DAY:>“WtLK) 

L 

ECONOMIC load FRECUENCY 

DISPATCH CONTROL 

(5-15 MiNUTESj (2-lC SECONDS) 


Figure 9-1. Power System Operations 
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3. 


Discussion 


The load on a utility power system fluctuates constantly and the 
generation must be ramped up and down to meet the ever changing load demands* 
This implies that utilities should have enough generating units on-line, 
capable of load following (changing their generations to meet the variable 
load demand). Any change in system load results in a momentary change in 
system frequency. The magnitude and duration of this change of frequency is 
dependent on many factors such as inertia of the system, magnitude of the 
disturbance, and the control action employed, etc* It is highly important 
that these frequency fluctuations which would result in malfunctions of 
frequency sensitive devices such as clocks, relays, etc*, be kept to a minimum* 

Because a PV plant output varies continuously (usually a smooth 
variation, but sometimes a severe fluctuation because of the weather pattern) 
it will have a direct impact on the Automatic Generation Control requirements* 
The greater the PV penetration in a utility system, the greater control 
requirements (such as more units capable of load following) will be. This 
will certainly have a cost impact as well as an impact on the performance of 
the system. This could limit the maximum penetration of PV sources on any 
given system, but is not expected to be a real factor until a significant 
amount of PV generation compared to total system generation is used* 


C. ECONOMIC DISPATCH 
1* Definition 

Economic Dispatch Control (EDC) is the distribution of generation 
requirements among alternative sources for optimum economy. 

2. Discussion 

It seems unlikely that this issue will pose any major problems to 
the introdtiction of PV other than modifications in control requirements. As 
PV systems have essentially zero incremental costs, they must be dispatched 
first. The conventional units will then be dispatched economically to serve 
the remaining load. 


D. SCHEDULING AND UNIT COMMITMENT 
1. Definition 

Scheduling is the coiw»>itment of various generating unit a few 
hourij to a day in advance to meet the expected load usually based on economic 
considerations. Generally, unit commitment covers a broader period (up to a 
couple of weeks) and is usually based on the expected availability of various 
units . 
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Rijik 


Afl tho amount of PV geni*ration cannot hr accurately predictoil in 
advance » aome allowance in tenna of iucreaaod apinning roaarve and atandby 
generation may have to be made* 


3* Diacuaaion 

Determination of the generating capacity to bo operated for a 
given total load by tho utility ia based on tho following; 

(O Economic evaluation* 

(2^) Rose we requirements* 

(3) Stability limitations. 

(4) Voltage limitations. 

(S') Ability to jnck^-up load quickly. 

The uncortaiutv associated with PV generation will impact all these 
cons i derat i ons in varying proportions. Tho impact will be a direct function 
of PV penetration: the greater the penetration* the greater the impact will 

be. The impact could probablv be lessened by a real-time weather moi>itorit\g 
system which could warn the system operator ahead of the time of impending 
weather conditions* 


K. REFKRENOKS 


1. Kit v'hmaver, l.eon K., Economic 0 ne r a t i on o t Powe r S y s t ems » 
John Wiley & Sons, New York 


Tin's book ptesiM\ts thev>ry aiul practical appl i cat iot\s involved in 
d('t<Mmitnng t ht* economic operation of a power s vs tern. It develops the 
nev'cssaiv circuit and mathematical techniques required in additivMi to 
desct ibiug the important role that computers can plav in improving power 
system performance. A large part of the book is devoted to methods of 
calculating trattsmissiou line losses through transmission-loss formulas. 

The methods in this book have been widely applied by electric utilities 
it\ tho United States and Canada resulting in significant savings in fuel costs. 


Cohn, Nathan, (\mtrol o f Ceneration and Power Flow on 
I ntercvunu'Cted Systems i 
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Thii* oiu' of A tow hooka avnilablo on the aubject. It lUacnaaoa the 
ttieory, and responaibi lit iea of different companioa interconnecting 

to tom power pools* The governor characteristics and their role in Automatic 
Generation Control (AGC) are discussed* Area regulation and regulation as a 
function of bias are diacuaaed in depth. The theory of economic dispatch is 
briefly covered. Methods for determining t ranamisaion losses are described. 
Block diagrams of contro' syatema to achieve economic diapatchf area regula- 
tion! etc. are vUao discussed* 


3* Leo, Stephen* and Vamavee* Zia, **boad-Fol lowing and 

Spi nniug’‘Reserve Penalties for Intemittent Generation/* 
IKKK Paper No* 80 SM 582-7, IKEK-PES Summer Power 
Moetingi July 1980* 


In this study, it is demonstrated that the increased requirements can 
cvnnpletely eliminate the usual energy and capacity credits because of PV 
systems. At lower levels, the increase in load-fol loving and api nning-resorve 
is fairly linear with some energy and capacity credits found. Tlu' study, 
lu>wever, did not use a method wirich chose the mix optimally; screening curves 
were used* There are also some questions on the probabilistic dispatching 
scheme . 


4 . S c h Wf» p p<» , F red C . ♦ nc^ i_c Sch tvl u I i of Dist r Ibuted 

Storage and Generation , not published* 


Tt'.is is at\ excellent first step toward dote mining the effects ot 
ini t*nni 1 1 t'U( >;e‘UMation upon the strategy used to dispatch units. It assumes 
that a ttnit commitm<MtL and maintenance schedule have already been developed 
tor the iHHoiev; week. Once done, the study states three major findings: 

K\) Tl\e «*ttect ol stochastic local variations in microweather patterns 
U'loud i'ovei , wind gusts^ on small solar and wind units can be 
igt\oied at the central dispatching office, independent of the 
itumht'r of vinits. This result is based on the assumption that the 
variat iott in the weather at this small local level is statistically 
independent over the geographical area served by the central dis- 
patching office. 

12) The effect oi global variation in mac r owe nor patterns (atom 

troiUs) on solat and wind units is very important at the central 
di spat clung office unless the number of units is small. In this 
case, the weather variations arc dependent upon each other and, 
thus, effect Uie result* 

(3) Uiglstv accurate scheduling is not requi red/ jus t i f i ed for small 

dispersed units# inis i^ baaed on a wide distribution in system 


lambda so that the optimum scheduling is obvious and the fact that 
a small intermittent unit is involved so that a small amount of 
energy is injected into the system. 


5* Graham, et al , "Effects of Battery Storage Devices on 
Power System Dispatch," No. 80 SM 535-5, presented at 
the IEEE PES Summer Power Meeting, 1980. 


Battery models and rectifier inverter models were developed for the 
hybrid simulator at the University of Missouri-Columbia. Dispatching software 
was designed to allow test runs to use a variety of dispatching algorithms. 

It was shown that batteries can be dispatched to aid regulation and peak 
shaving* 

This study is not directly applicable to PV since batteries are a 
constant source. PV is variable and cannot be dispatched as easily. 


6. Fogan, George, and Percival , C* David, P roblems in the Integration 
o f Intermittent Sources into Utility Production Costing Models , 

No. SERI/TP-351-546. 


The intermittent generation source, a source over which the utility 
dispatcher has minimal control with regard to power availability, presents 
serious problems. The problems are separated into those renewable resources 
which are correlated to the demand and those which appear to act independently 
of demand. Approaches to solutions are explored* 


F . GU IDELINES / STANDARDS 

No guidelines or standards could be located on this particular issue. 


G. CONCLUSIONS 

(1) The introduction of PV systems into the utility grid is not 
expected to have a substantial impact on system operations until 
the penetration is quite high. This is probably the main reason 
for the absence of sufficient, relevant literature on the sr.bject. 

(2) Tht' impact on system operations will probably be more of economic 
coiu't'rn rather than of technical concern. Any technical impacts 
will probahlv ho limited to invest i g. ;t i ng better predictive 
techniques and control, and communication alternatives. 
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H 


RECOMMENDATIONS 


Because this is a long-term issue expected to impact a high level of 
system penetration, no recoonendations for further work are provided at this 
time. 
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SECTION X 


DISTRIBUTION SYSTEM PLANNING AND DESIGN 


A. INTRODUCTION 

1. Definition 

Modifications are needed in the distribution system planning and 
design process of conventional distribution systems so that the integration of 
PV systems can be accomnodated successfully* 


2* Risk 

(1) By not planning for consideration of PV| the integration of 
PV must occur through actions in the design phase only. 

Thus» the lead time for utility design is shortened with 
fewer options available to enable the integration to occur 
successfully* 

(2) By not considering PV in design efforts in advance of need 
(such efforts may be triggered by an entrepreneur installing 
PV)| the early and highly visible projects may accidentally 
demonstrate that PV is more trouble than it is worth* 


3* Discussion 

The lack of consideration of large local penetration of PV in the 
planning and design of distribution systems may lead to inadequate resolutions 
of the other issues. For example, protection and safety issues may be 
considered based on present distribution system configurations and practices. 
But if, in fact, large local penetration of PV logically calls for basic 
changes in the distribution system, then protection and safety issues were 
considered for the wrong systems. The way in which some of the other issues 
might be resolved (such as harmonics, power factor related) could include 
changes in the distribution system. Such changes should be part of an early 
distribution system planning and design concepts effort. If not, then the 
conclusions will be suspect. Alternatives to the ‘‘one inverter, one home** 
concept (such as a shared inverter concept) would be included in a 
distribution system planning and design effort, as would alternatives to the 
arrangements for interconnection, control, etc*, of PV units. 


B. REFERENCES 


1* Expansion Planning for Distribution Networks, 
ongoing DOE/EES contract with Carnegie Mellon 
University. 
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The ta;>k objective is to develop nethods to plan the expansion of 
networks with conventional and emerging energy technologiea including 
dispersed generation and storage devices. 

A multi-objective model to optimise the operations of radial networks 
with dispersed storage and generation devices was developed. The optimisation 
is in terms of two conflicting attributes t (1) operating cost and (2) load 
curtailment. The sK>del is solved with a network version of the generalised 
transportation algorithm that uses multiple arcs between nodes and lower and 
upper bounding. A commercial code was implemented which solves large problems 
efficiently. The solution provides guidance for day-to-day operations. It 
can also be adapted to provide design and expansion information through 
sensitivity analyses of the configurations studied. 

Models were also developed for predicting the effects of energy 
manegement technologies on two important system attributes: (1) production 

cost and, (2) the load shape seen by central generation. The models can 
include arbitrary mixes of central generation, dispersed generation, central 
storage, and dispersed storage. 


2. Electric Power Distribution System Planning 
and Design with Dispersed Storage and 
Generation (DSG) and Distribution Automation 
and Control (PAC) , RF? DEDS-19-01, by Oak 
Ridge National Lab for the Department of 
Energy . 


The overall thrust of this activity is to carefully examine the 
distribution planning and design process in light of DAC and how DAC might 
facilitate the integration of DSG, and load management into the electric 
distribution system. 

The specific tasks under this investigation are: 

(1) Perform conventional planning and design of a particular utility 
system after formulating a planning and design scenario. 

(2) Describe the modification in conventional distribution planning 
and design process required with DAC. Describe the DAC functions 
and %diy they are likely candidates for that particular system. 
Perform an analysis of the technical and economic impacts of DAC. 
The DAC functions to be considered are cv;i:age reporting, system 
reconfigurations, reisote equipment operation, remote meter reading 
and VAR control. 

(3) Examine the changes in the planning and desigti process when DAC 
and load management are used, in addition to convention.tl 
distribution techniques, to help solve the scenario formulated 
earlier. The load management options to be considered are 
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customer thermal energy storage, direct and indirect control of 
customer loads, conservation and TOD rates, as they affect the 
distribution planning and design process. 

(4) Examine the changes in the distribution planning and design process 
uhen dispersed generation in low penetration exists on the utility 
system. Customer-owned and utility-owned dispersed generation will 
be considered separately and then compared. A low penetration is 
defined as two percent or less of the best utility system capacity 
under study unless reasons are shown that it should be otherwise. 

(5) The same as (4) but with a high penetration of DSC, DAC, and load 
management. A high penetration of dispersed generation is defined 
as between 10 and 20Z unless reasons are shown that it should be 
otherwise. 

(6) The final task is to evaluate, compare, and summarise the cases 
studied to show the effectiveness of DAC, DAC and load management, 
and low and high penetrations of dispersed generation on distribu- 
tion system short-term planning. Particular attention should be 
paid to the design criteria and problems faced by the utility such 
as line and equipment loadings, voltage control, harmonics, power 
factor, phase balance, losses, reliability, etc., if and where 
they apply. Distribution design guidelines should be provided for 
the following cases: 

(a) Modified design with DAC. 

(b) Modified design with DAC and load management. 

(c) Modified design for low and high penetrations of dispersed 
generation. 


3. Impacts of Dispersing Storage and Generation in 

Electric Distribution Systems , Final Report, System 
Control Inc. for the U.S. Department of Energy 
under Contract #EY-76-C-03-1214, July 1979. 


The study objective was to determine the benefits, if any, of DSGs on 
utility distribution systems by reducing capacity requirements, increasing 
reliability, and lowering losses. Alternate DSC technologies studied include 
dispersed supply management devices placed on the utility side of the meter 
(such as solar energv generation, battery storage, and fuel cells) and use 
management devices placed on the customers side of the meters (such as 
cogeneration and storage space conditioning). 

The iiiethodology included detailed simulations of distribution system 
expansion planning with and without DSGs, using a consistent set of planning 
criteria. Models of alternate OSG operating controls were developed to 
satisfy distribution and/or bulk-supply system needs. The incremental effects 
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on the bulk-supply syates production costa and capacity requirements were 
calculated. Detailed planning simulations in the methodology were used to 
model important distinct distribution system characteristics. 

The overall study conclusions were: 

(1) To realise distribution capacity and reliability benefits, supply- 
side DSC sMty be operated in a manner departing from bulk-supply 
system economic dispatch principles. Potentially higher production 
costs and DSC capital costs sMy be incurred, in addition to in- 
creased backup bulk-supply capacity requirements for energy- 
limited, dispersed storage devices. 

(2) The overall cost benefits of OSG technologies are highly site- 
dependent. Substation placement is generally more favorable than 
placement along the circuits. 

(3) The overall benefit decreases over time with increasing dispersed 
utility-side storage. Total benefits improve over tism with 
increased penetration of dispersed utility-side generation. 

(4) Utility-side dispersed generation tends to attain a greater 
overall benefit than dispersed storage* 

(5) The introduction of DSG into the electric distribution system will 
complicate present planning and operating practices. Present 
distribution practices relying on established planning guidelines 
and engineering judgment smy prove insufficient because this 
experience was accumulated for systems without DSG. Planning and 
operation of DSG may require close coordination between bulk 
supply and distribution system planning. 

Overall, the thrust of the study is an economic evaluation of DSGs 
rather than concern about how the planning problem will be modified by their 
inclusion. The study conclusion arrived at in (5) is precisely the issue that 
must be resolved for distributed PV systems. 


4. Impact of Dispersed Solar and Wind Systems on 
Electrical Distribution Planning and Operation , 
Final Report by SCI for Oak Ridge National Lab, 
ORNL-SUB-7662-1, February 1981. 


This study examined the technical and economic impacts of dispersing 
solar and wind (DSU) generation devices within the distribution system. A DSW 
operation model was developed to help determine the dependable capacity of 
fluctuating solar photovoltaic and wind generation as a part of the distribu- 
tion planning process. Specific case studies using distribution system data 
and renewable resource data for Southern California Edison Company and 
Consumers Power Company were analysed to gain insights into the effects of 
interconnecting DSW devices. 
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Although results were case-specific and applicable only to distribution 
systems studies , some important general conclusions are made. The DSW devices 
offered some distribution investment savings » depending on their availability 
during peak loads. For a suamer-peaking utility, for example, dispersing 
photovoltaic systems are more likely to defer distribution capital investments 
than dispersing wind systems. Dispersing storage devices to increase DSW's 
dependable capacity for distribution system needs is not economically attrac- 
tive. Spatial diversity among dispersed wind generators may improve their 
dependable capacity at the bulk generation level, but for the relatively small 
service area of a distribution system, this improvement is inslgnif icsnt. 
Substation placement of DSW and storage devices is more cost- effective than 
feeder or customer placement. 

C. GUIDELINES /STANDARDS 

No guidelines or standards exist on this particular issue. 


D. CONCLUSIONS 

Many ongoing efforts are identified in the area of distribution planning 
and design with dispersed storage and generation including PV. All these 
efforts are sponsored by the DOE/EES. The results generated by these studies, 
once completed, would help resolve this particular issue. The impact of recent 
DOE budget changes on DOE/EES efforts is not yet known. It is quite probable 
that the expectations and plans will not be realized in full. 


E. RECOMMENDATIONS 

at this time in the 
Inverter" concept, 
ramifications in the 


No recommendations for further work are provided 
area of distribution planning and design. The "Shared 
however, must be explored further. It could have some 
planning and design of future distribution systems. 
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SECTION 1 


PASADENA WATER AND POWER DEPARTMENT 


A. INTRODUCTION 

Tht utility of the city of Paoadtna it repretentetiv* of a saall tixe 
urban tystem* 

The aajority of the electric power la locally produced in two generating 
station*: (1) Clenarmi conpleted in 1949, and, (2) Broadway, conpleted in 

1965. The purchased power is channeled through the Goodrich receiving station, 
in operation since 1970. 

Manageaent of the systea is accoaplished through the dispatch center 
located close to the Glenara generating station. 

According to statistics, the power production for the fiscal year 
1978-79 was 943,376,643 (kWh), up 5. IX froa the previous year. Local 
generation increased by 21. 4Z, to 592,981,000 kWh, and accounted for 62. 9X of 
total power production. Purchased power was iaported froa utilities in 
Washington, Oregon, idahe, Montana, Nevada, Arixona, Southern California, and 
Canada and totaled 350,395,643 kWh, a 14. 3Z reduction froa the prior year. 

The decline in purchased power was the result of aoderate drought conditions 
throughout the pacific northwest thereby curtailing the availability of 
surplus hydroelectric power. 

Twice during the 1978-79 fiscal year (Septeaber 26, 1978 and 
June 12, 1979) a new record peak of 193 MU was reached. This new record 
deaand was 12 MV or 6.6Z greater than the previous record %rhich had occurred 
in June 1976. The population served was approxisMtely 106,000 in a service 
area which covers 23.06 square ailes. The average annual usage per 
residential customer was 4,808 kWh. 


B. SYSTEM DESCRIPTION 

The description of various elements of the power system is given below. 
The emphasis is on the distribution system. 


1. Receiving Stations 

This term describes the configuration at the location trhere the 
electrical energy is received, either from the power station generators or 
from the 220-kV Southern California Edison (SCE) grid* 

Generation of power is performed at the level of 13.8 kV. Power is 
consequently transformed and fed into the high voltage, 17 kV and 34 kV, buses 
in the receiving stations. Each station is composed of two such buses 
operating in parallel. 

The 17 kV bus power of on* of tht receiving stations is fed into the 
primary distribution feeders, delivering energy to coMsrcial and industrial 


* 


custoners. In the case of some eaaential loads, two 17-kV feeders are 
provided, each carrying half the load. In case of one feeder failing, the 
loads can be automatically thrown over to the other feeder, thus safeguarding 
continuity of service. 

The 34-kV bus power of the other receiving stations is delivered to the 
area's distribution substations. Linkage to the neighboring utilities is also 
provided through the receiving stations. 


2. Sub transmission Feeders 

These are the 34-kV, 3* phase, 3-wire lines connecting the 
receiving stations with the distribution substations. With only a few 
exceptions, all of these lines are run underground. A 34-kV oil breaker is 
used for disconnecting the line from the receiving station bus. 


3. Distribution Power Substation 

There are ten strategically located, distribution substations 
within the service area; their complexity varies depending upon the capacity 
required. The basic configuration is shotm in Figure C-1, with only one unit 
substation shown. The number of unit substations available at each station 
varies from one to three. 

The 34-kV voltage is stepped down to the distribution level of 17 kV or 
4 kV. The circuit breaker CB3 remains normally open, while CBl and CB2 are 
normally closed. Each of the four feeders is installed on a different route. 
There are numerous cross connections among feeders throughout the system, but 
the switch positions are open, thus maintaining a radial system. The cross 
connections can be made at any time, however, either in case of trouble or in 
the procjss of reconfiguring the circuits in an area. 


4. Distribution System Configuration 

The term distribution system (DS) applies to the portion of the 
utility power system which starts at the distribution power substation and 
ends at the user's terminals. Normally little, if any, generation is 
performed within this system. The energy carried through the distribution 
system is delivered to residential, commercial, and industrial customers. In 
some cases, suburban and rural areas are also included. 

The distribution system consists of primary and secondary circuits, 
lined by distribution transformers. The prisiary circuits are 3-phase, 4-wire, 
4-kV and 3-phase, 3-wire $ 17-kV. The increasing demand for power made the 
higher voltages desirable. 

listribution may be done by using overhead lines or underground cables. 
Urban areas favor the underground cables. In Pasadena, the primary 
distribution network consists of 4-kV and 17-kV feeders. As of July 1979, 
there were seven miles of 17-kV and 200 miles of 4-kV feeders stretched over 
190 miles. The 4-kV primary feeder system covered 100 miles. 
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It should also be noted that the individual feeders are not more than 
two miles long. Bach primary feeder can supply only a limited amount of 
energy. In the Pasadena systemi the limits are 4 NVA for 4-kV and 14 MVA for 
17-kV feeders. It is possible to modify the feeder configuration and transfer 
the customer to an alternative source of power when servicing the line. Four 
or five position load break oil switches are used for underground systems and 
single phase cutouts» called box switches) for overhead distribution. 

The secondary distribution circuits supply power to residential 
customers at 120/240 V, 1-phase, 3-wire. Commercial and industrial customers 
are wired for 208Y/120-V, 3-phase, 4-wire or 480Y/277-V, 3-phase, 4-wire 
service. 

For an overhead distribution, the step-do«m transformers are pole 
mounted. The underground system employs vault-type or subway-type 
transformers. The sizes of the residential type distribution transformers are 
25 kVA for the older circuits, and 50 kVA for the newly wired installations. 
Larger size transformers may be used for supplying commercial and industrial 
customers. On the average, twelve residences are served by one distribution 
transformer. 


5. Distribution System Protection 

At the distribution substation (Figure C-1), the three circuit 
breakers CBl, CB2, and CB3 allow the load to be split between the north and 
south buses or feed the whole load from one single bus. Circuit breakers CB4 
through CB7 protect the individual primary feeders. All the breakers are of 
the air type. 

Protection of Che two power transformers, TRl and TR2, is accomplished 
by differeatial relays, which sense the current in the primary and secondary, 
and trip CBl or CB2 in the case of current unbalance. Also, overcurrent 
relays at Che source of the subtransmission feeders protect Che transformers. 

Multiple position oil switches SWl and SW2 isolate the transformer 
primaries from the 34-kV bus. They can be opened under no-load only. 

Each of Che primary feeders starts at Che terminals of the appropriate 
circuit breaker (CB4 through CB7). The 4-kV feeders are 4-wire, the 17-kV 
ones use 3 wires only. 

The short-circuit protection of any individual phase of the primary 
feeder is acheived by using an overcurrenc relay, that responds according to 
the time vs overcurrent curve. The ground relay on the fourth wire of the 4- 
kV system is provided Co detect an excessive asysaieCry of Che line currents. 
The ground relay trips when the current reaches 50% of the line current. The 
circuit breakers tripped are CB4 through CB7. The circuit breakers used on 
the overhead primary feeders have an additional feature; a built-in capability 
of acting like the conventional reclosers do. They will try to restore 
service three times, automatically, before permanently locking out a sustained 
fault. 


LEG NO. 1 


34 kV LINE TO RECEIVING STATION 



4 kV AND/OR 17 kV 
PRIMARY FEEDERS 
FOR RADIAL 
DISTRIBUTION 


LEGEND 

CB CIRCUIT-BREAKER 
TX TRANSFORMER 
sw swrrcH 


Figure C*-l« Typical Distribution Substation: Single Leg with Four 

Primary Distribution Feeders 


At each distribution substation one underfrequency relay monitors the 
distribution frequency. Shedding of the customer loads is initiated if the 
frequency drops under a predetermined critical value. Five levels of shedding 
are monitored ^ as shown in Table C~l. 


Table C-1. Five Levels of Shedding 


Level 

1 

2 

3 

4 

5 

Frequency (Hz) 

59.1 

58.9 

58.7 

58.5 

58.2 

Drop Load By® 

lOZ 

lOZ 

lOZ 

lOZ 

Islanding 

®Of the total 

Pasadena consumption. 




Only once has 

Pasadena experienced a 

Level 1 underfrequency trip. 
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The lateral, local branches (Figure C~2) channel the 4-kV or 17~kV power 
into the distribution transformers. These lateral feeders are three- ^^nase or 
single-phase. Bach lateral is terminated by a distribution transfonser, 
reducing the voltage to the level of the secondary distribution. Each 
transformer is protected by a fuse (F). Expuls ion- type fuses are used for 
overhead distribution; the 4-kV underground laterals are protected by oil fuse 
cut-outs; and the 17-kV underground li..es use current-limiting fuses for the 
same purpose. 

Little lightning protection is employed. As there is little lightning 
activity in the area, Pasadena will accept the loss of one or, at most, two 
distribution transformers every year rather than install costly surge 
arresters. Exceptions to the rule are protection of the underground cables by 
surge arresters installed at the points where the underground cable starts and 
ends. 


6. Distribution System Voltage Control 

Voltage control is achieved by an automatic adjustment of the 
primary transformer taps in the distribution substation (TRl and TR2 in Figure 
C-1). The voltage at the midpoint of the primary feeder is used for referv'^nce 
feedback. 



120/240 V 120/208 V 277/480 V* 


1«»,3W ,3 S , 3 W 3 0, 4 W, 

RESIDENTIAL COMMERCIAl/lNDUSTRIAL 


•USUALLY SUPPLIED FROM A SEPARATE FEEDER 


Figure C-2. Various Types of Lateral Branches 
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In the past I the voltage at the customer terminals could fluctuate 
between 114V and 126V. Presently » with the idea of energy conservation the 
maximum permissible voltage at these terminals is 120V* 

The transformer voltage is adjusted depending on the value of the load. 

No line regulators are used in the Pasadena system. 


7. Power Factor Control 

Power factor correction is performed within the receiving stations 
by capacitor banks. Presently » five capacitor blocks, each rated at 10.8 
MVAR, are installed within the system: two blocks in the Receiving Station D 

(34kV), one block at the Receiving Station B (17kV) and tw at the Santa Anita 
Substation near Goodrich, (34kV). The dispatcher in the Dispatching Center 
adjusts, in steps, the amount of reactive power generated by remotely 
switching the individual blocks. 

/ cording to the existing policy: 

(1) No reactive power should be allowed to flow between the Pasadena 
and SCE systems. 

(2) Generation should run at 0.85 - 0.95 power factor. 

(3) Generation at a unity power factor or at a leading power factor 
should be avoided, as it could cause an unwanted system 
instability. 

Some time ago fixed shunt capacitors were installed in various places on 
the 4kV primary feeders. They are now being phased out, as the Environmental 
Protection Agency has declared the PCB-dielectric potentially harmful to 
humans • 

According to a directive issued by the Chief Engineer’s office, no 
capacitors will be used in the future within the distribution system. Their 
use is not considered economically justifiable* 


8. Metering and Rates 

The residential customers are billed for kWh only. The commercial 
and industrial customer rate is a composite of kWh ^ kVAR + Dj 5 charges. 

The D ][3 represents a 15^inute maximum kW demand; the higher f>i^f the 
higher is the billing rate. 

The value of the load powerfactor (PF) is determined from the kVARh meter 
reading* No charges are imposed if the PF remains between 0*75 and 0.85* A 
one percent penalty is imposed for each PF * 0.01 below PF « 0.75. A one-third 
percent credit is granted for each PF • 0.01 above PF * 0.85* 
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SECTION II 


SOUTHERN CALIFORNIA EDISON 


A. INTRODUCTION 

The SCE utility represents a large size system* The important 1980 
statistical data are shown below: 

(1) Service area: 50,000 square miles. 

(2) Peak demand: 12,612 MN as recorded on 7/30/80 at 3:00 p.m. 

(3) Overhead circuits: total circuits; 3,602 and, total circuit miles; 

61,500 miles. 

(4) Underground circuits: duct miles; 7,752 miles. 

(5) Distribution transformers 

(a) Overhead: 440,807 units 

12,574 MVA capacity 

(b) Underground: 93,160 units 

11,197 MVA capacity 

(6) Meters: 3,207,594 units 

(7) Capacitors (installed on distribution circuits) 


(a) 

No. of Banks: 

9,451 

(b) 

Total MVAR: 

5,900 


B. SYSTEM DESCRIPTICW 

The distribution system consists of primary and secondary circuits. 

1. Primary Distribution 

The primary circuits consist of the primary, radially arranged 
feeders, and the primary lateral circuits. The majority of primary 
distribution is performed at 4 kV, 7 kV, 12 kV, or 16 kV, all three-phase. 

As indicated above, the majority of the primary distribution is over- 
head. All primary feeders are three-phase. Typically, they are loaded to 
approximately 500A line current, which for a three-phase 12-kV line corres- 
ponds to 10.4 MW loading. The primary laterals are single or three-phase. 

The primary circuits are reconfigured daily by means of three-phase air 
operated disconnect switches for an overhead system and multi-position load 
break oil switches for an underground distribution system. Reconfiguration is 
implemented by the service personnel on site; no remote control is available. 
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Distribution Transformers 


The distribution transformer provides the necessary link between 
the primary and the secondary system. Single-phase transformers are used, 
thus two or three transformers must be installed for three-phase service. 
Although the sise, weight, and cost of such a configuration is higher, the 
cost of storage of the spares and the cost of replacement appear to 
predominate and be a driving force for this policy. 

Sises of the residential units vary from IS kVA to 100 kVA for an 
overhead distribution. The underground residential services uses 25-, 50-, 
7S-, and 100-kVA sizes. The power handling capacity of the industrial and 
comnercial three-phase configuration can vary from 75 kVA to the 3750-kVA 
level. The agricultural three-phase transformer banks rate from 15 kVA to 500 
kVA. 


Pole-, pad-, vault-, or hole-type transformers are used. Transformer 
oil is used for insulation and cooling. Transformers used in the vaults and 
holes are sealed and may be operated under water. 

The primary side of each transformer is protected by a fuse. 


3. Secondary Distribution 

Secondary distribution originates at the secondary side of the 
distribution transformer and terminates at the customer's terminals. 

The following groups of customers can be identified: 


Customer X 

Share 

Type Services 

Residential 

30 

l-phase, 3-Wire (W), 120/240 V 

Commercial 

30 

3-phase® 

Industrial 

30 

3-phase® 

Agricultural 

10 

3-phase, 480 V, 3-Wxre. 

^Secondary voltages: 240 V, 

3 ph, 4 W; 240/480 V, 
480 V, 3 ph, 4 W, Y. 

3 ph, 
3 ph. 

3 W; 480 V, 3 ph, 3 W; 120/240 V, 

4 W open A; 120/208 V, 3 ph, 4 W, Y; 277/ 


On the average, nine residential customers are connected to the 
transformer's secondary. As many as thirty may be connected if the service 
capacity is low, i.e., for people living in condos. The SCE estimate for an 
all-electric home in Palm Springs is 10 kVA per home; an equivalent home on 
the beach, without air-conditioning, requires only 1.2 kVA. 
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4. Voltage Reduction Savings 


By Halting the aaxlaua secondary voltage to 120 V rather than to 
126 V within the residential and coaaercial distribution circuits » 1,618 GWh 
were saved in 1980, according to SCE statistics* This a savings equivalent 
to 2.78 aillion barrels of oil* 

It should also be noted that the industrial and agricultural customers 
are not included in this policy* Their aaxiaua voltage level remains 
unchanged, at 126 V. 


5* Distribution System Protection 

It is the customers' responsibility to protect the low voltage 
circuit within his premises by supplying, on his premises, a breaker or fuse 
panel for overcurrent protection. 

Short-circuits within the secondary distribution, beyond reach of 
domestic protection, are cleared by the fuses on the primary side of the 
distribution transformer. 

Overcurrent protection of the primary circuits is provided by automatic 
reclosers and substation circuit breakers (Figure C-3). 

The majority of the automatic reclosers are provided in high fire hazard 
areas on the lateral lines for protecLion against short circuits. 

Phase and ground relays trip the substation circuit breakers CBl and/or 
CB2 (Figure C-3) in case of a sustained fault that was not cleared by the 
individual fuse (Figure C-2). 

All the single phase underground lateral branches (UG in Figure C-3) are 
fuse-protected at the entry point. On the three-phase entries, loadbreak 
switches are employed instead of fuses. 

No additional line reactors are used to limit the magnitude of the 
short-circuit current, as tue leakage reactance of the substation transformers 
suffices. 

Lightning arresters are used selectively in territories of high 
lightning activity. In the substations, lightning arresters are used for 
safeguarding the transformers and primary buses. 

On the primary overhead distribution, lightning arresters are used 
selectively to protect distribution transformers, capacitor banks, reclosers, 
sectionalizers, and underground entries. 


6. Distribution System Voltage Control 

It should be recognized that the major part of overall system 
voltage control is accomplished in the sub transmission power stations that 
feed the individual local substations. Only a minor variation of the voltage 
is allowed at the output busses of the individual substation* 
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Figure C-3* Primary Distribution 


Line capacitors on the overhead primary distribution network maintain 
the secondary voltage within the 114-V to 120-V (or 126 V) limits* 

A fixed portion of the capacitor bank compensates for the minimum load 
conditions* The remaining portion is switched by a voltage-sensitive relay* 

The voltage value at which the capacitors are switched-on is biased 
according to a time schedule* The timing satisfies an anticipated kVA 
requirement for keeping the power factor near unity* 

No capacitors are used underground because no submersible switches are 
available so far* The capacitors used are oil filled* The use of 
PCB-dielectric is phased out* 


7. Metering 

The residential customers are billed for kWh only* The commercial 
and industrial customers are billed according to the maximum demand* They may 
additionally pay for the kVARh, should the load they use have low power-factor 
characteristics* 

8* Harmonics 

Some users are monitored as to the level of harmonics they 
generate and^ in case of complaints ^ are responsible for suppressing them at 
their own expense* 


C-11 


9 


Power Factor 


The Coapany aay require the cuatoaer to provide, at his own 
expense, equipaent to increase the operating power factor of each coaplete 
unit of neon, fluorescent, or other gaseous tube lighting equipment to not 
less than 90t, lagging or leading. 


10. Interference with Service 

SCE strictly enforces the PCU's rule No. 2 which states that: 

(1) Customers who operate equipaent which causes detrimental 
voltage fluctuations (such as, but not limited to, hoists, 
welders, radio transmitters. X-ray apparatus, elevator 
motors, compressors, and furnaces) must reasonably limit 
such fluctuations upon request by the Company. The customer 
will be required to pay for %ihatever corrective measures are 
necessary. 

(2) Prior to the installation of any new arc furnace, or design 
modification of an existing furnace, the customer shall 
provide basic design information for the installation to aid 
the Cooipany in determining the method of service and the 
allowable level of load fluctuations. 

(3) Any customer who superimposes a current of any frequency 
upon any part of his electrical system, other than the 
current supplied by the Company, shall, at his expense, 
prevent the transmission of such current beyond his 
electrical system. 


II. Safety 


Present guidelines for servicing any part of 
system state that all power sources must be disconnected 
they can be worked on. This also applies in the case of 


the distribution 
from the line before 
cogeneration. 
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<1) state Public Utility GaMiieaioiiet c.g<t State of CalifornUt etc 


(2) Aaerican National Standards Institutet Steering Goaiittee on Solar 

Energy Standards Developaent. 

(3) Institute of Electrical and Electronic Bngineera (IEEE)* 

(a) Power Engineering Society 

1) Working group to investigate conauMr-oimed sources of 
generation 1000 kVA or less* 

2) Working group on hareonics* 

3) Working group on lightning protection of distribution lines* 

4) Task group on long-range distribution planning* 

5) Working group on long-range systea planning. 

6) Working group to study wave distortions in consuaers 

interconnections . 

7) Working group on AC-DG converter station haraonica. 

8) Working group to study effect of haraonics on aeters. 

(b) Industry Application Society 

1) Haraonics and reactive coapensation subcoasittee. 

2) Thyristor Gonverters for Motor Drives - Packaged Drive 
Standards Subcoaaittee. 

3) Wave Shape Distortion Working Group. 

(c) Standards Goordination Goaaittee on Photovoltaics 

1) Photovoltaics Systea Subcoaaittee on Standards for 
Terrestrial Photovoltaic Systeas-Utility Interface Working 
Group. 

2) Photovoltaics Array Subcoaaittee. 

3) Photovoltaics Power Gondltioning Subcoaaittee. 

4) Photovoltaic Storage Subcoaaittee* 


(4) Departaent of Energy (DOE) including Division of Electric Energy Systeas 
(EES). 
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(5) Electric Eower Research Institute (EPRI)« 

(6) Aaterican Public Potfcr Association (APPA) . 

(7) National Rural Electric Cooperative Association (NRECA)* 

(8) Underwriters Laboratory (UL)« 
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